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Foreword 
This year we hold the 6th annual Nordic Feed Science Conference in Uppsala. The aim of the 
conference is still to create an arena for Nordic feed scientists to meet and discuss ruminant 
and horse feeds and feeding. We are particularly happy this year to have received some 
funding from the Swedish Research Council Formas. This has enabled us to have three 
distinguished keynote speakers – Professor Peter Robinson, UC Davis, Dr Padraig O’Kiely, 
Teagasc, Ireland and Professor Peiqiang Yu, University of Saskatchewan, Canada. We wish 
to welcome these eminent scientists for coming all the way to join us in this conference. 
Topics this year include ensiling, grain processing, biogas from crops, modeling and ration 
formulation as well as beef and dairy animal nutrition. In the evening session, we will discuss 
amino acid delivery to dairy cows in connection with two presentations.  
You are all most welcome to the conference! For downloading proceedings of earlier 
conferences, please go to the first of our homepage where you also find a list of all titles. 
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Bio-Synchrotron Based Feed Research Program:   
Synchrotron-Based Technology as a New Approach for Plant-Based Feed Protein 
Structure Research at Ultra-Spatial Resolutions  
Peiqiang Yu, PhD.  
Professor and Ministry of Agriculture Strategic Research Chair 
Department of Animal and Poultry Science, College of Agriculture and Bioresources, 
University of Saskatchewan, 51 Campus Drive, Saskatoon, S7N 5A8, Canada 
Correspondence: Tel:   +1 306 966 4132; E-mail:   peiqiang.yu@usask.ca 
Introduction  
Novel research ideas and/or novel research tools play a significant role in advances in feed 
science and animal nutrition research (Yu, 2004). In feed analysis, wet analytical methods are 
often suggested to be used (eg. NRC-2001 dairy model). However this type of analysis often 
result in destruction or alteration of feed intrinsic structures during processing for analysis 
(Budevska, 2002; Marinkovic et al., 2002; Yu, 2004), because the wet chemical analyses rely 
heavily on the use of harsh chemicals, which altering the native feed structures and possibly 
generating artifacts (Budevska, 2002; Yu, 2004). 
Advanced synchrotron radiation powered infrared microspectroscopy has been developed as 
a rapid, direct, non-destructive and bioanalytical technique (Wetzel et al., 1998; Marinkovic 
& Chance, 2006; Miller & Dumas, 2006; Yu et al., 2008). In contrast to traditional wet 
chemical analytical methods which during processing for analysis often result in destruction 
or alteration of the intrinsic structures (eg. protein) (Budevska, 2002; Yu, 2004), this cutting-
edge synchrotron-based analytical technique, taking advantages of synchrotron light 
brightness and small effective source size (Marinkovic & Chance, 2006; Miller & Dumas, 
2006), is capable of exploring the molecular chemistry or structure of a biological tissue 
without the destruction of inherent structures at ultra-spatial resolutions (Wetzel et al., 1998, 
2003; Doiron et al., 2009a,b; Yu et al. 2008b; Zhang & Yu, 2014). With synchrotron based 
analytical technique, several information can be obtained simultaneously, such as feed tissue 
composition, tissue make-up, tissue environment, and tissue structure (Budevska, 2002; Yu, 
2011; Yu et al., 2013).    
To date there has been little application of synchrotron radiation-based infrared 
microspectroscopy to the study of feed inherent structures (eg. protein) in relation to nutrient 
availability in animal science community (Yu, 2010; Yu & Nuez-Ortín, 2010). Protein 
inherent structure, among other factors such as protein matrix, affects nutritive quality, bio-
function, fermentation, and degradation behavior in animals (Zhang & Yu, 2012; Yu, 2012). 
Protein structure profile influences protein value (eg. absorbed protein in small intestine) and 
functionality (eg. solubility) and affects the access of gastrointestinal digestive enzymes to 
the protein (Abeysekara et al., 2013; Yu et al., 2014). Reduced accessibility results in poor 
digestibility and as a result, low protein nutritive value (Becker & Yu, 2013; Yang et al., 
2013; Thedoridou et al., 2014). 
The objective of this presentation is to introduce the potential of using the advanced 
synchrotron-based bioanalytical technology as a new approach to study feed molecular 
structure and detect feed treatment or feed processing-induced structural changes in relation 
to nutrient availability.  The outline of my presentation include: I. what is Synchrotron? a) 
short definition; b) major components of synchrotron; II. synchrotron molecular spectroscopy 
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techniques; a) principle and advantage of synchrotron radiation; b) advantages of synchrotron 
radiation infrared microspectroscopy; III: applications: synchrotron-based research programs; 
a) feed structure in relation to nutrient availability; b) feed molecular-chemical make-up; c) 
feed molecular chemistry imaging; d) effect of gene transformation on feed structure and 
nutrient availability; e) heat-induced changes in structure and relation to nutrient availability; 
f)  effect of bioethanol processing on feed structure and quality. 
Unique Bio-Synchrotron Based Feed Programs 
First of all, what is a synchrotron? The short definition is that a synchrotron, a giant particle 
accelerator that turns electrons into light, is composed of six major components: electron gun, 
linear accelerator, booster ring, storage ring, beamlines, and end experimental station (Wetzel 
et al., 1998; Marinkovic & Chance, 2006; Miller & Dumas, 2006). The size of a synchrotron 
is just like a soccer field, for example, Canadian Light Source (CLS) on our campus of the 
University of Saskatchewan. But some synchrotrons are very large, for example, Advanced 
Photo Sources (APS) in Chicago, USA. So the size is partially dependent on synchrotron 
target energy level (0.8 to 8.0 Gev). When high speed and high energy electrons are 
accelerated, it will produce extremely brilliant, full spectrum photon beam known as 
synchrotron light (CLS, 2015). At the end experimental stations, researchers collect 
synchrotron-based data to determine molecular structure of a sample. The extremely bright 
synchrotron light makes it possible to detect biomaterial structure (chemical make-up) at both 
molecular and cellular levels (Dumas, 2003; Yu, 2004; Marinkovic & Chance, 2006; Miller 
& Dumas, 2006; Yu et al., 2007). 
Plant protein has unique molecular structures; therefore it has its own infrared spectrum. 
Plant protein infrared spectrum has two primary features, the amide I (ca. 1600-1700 cm-1) 
and amide II (ca. 1500-1560 cm-1) both of which arise from specific stretching and bending 
vibrations within the protein backbone (Kemp, 1991; Jackson & Mantsch, 1995, 1996; 
Kneipp et al., 2003). The amide I, not amide II, is usually used for protein 2nd structure 
analysis, such as alpha-helix structure, beta-sheet structure, random coil and beta turn 
(Seguchi et al., 2004; Yu 2005).  
Two multivariate molecular spectral analyses can be used to discriminate and classify plant 
protein structures and protein structure changes. The first method is agglomerative 
hierarchical molecular spectral cluster analysis. The second multivariate analysis used to 
determine major sources of variation is principle component analysis, a statistical data 
reduction method that transforms the original set of variables to a new set of uncorrelated 
variables called principle components. The advantage of multivariate analyses is that we do 
not need to know what the spectral assignments are, just want to qualitatively separate one 
group from another (Yu 2005, 2006).  
Exampled Studies of Using Synchrotron-Based Analytical Methods for Feed Research  
Area I: Using Synchrotron-Based Analytical Methods for Feed Molecular Chemistry Imaging 
(Yu, 2005). For example, imaging molecular chemistry of wheat (Wetzle et al., 1998), 
Pioneer corn (Yu et al., 2004) and sorghum (Yu, 2011) and effect of heat treatment on 
cotyledon tissues in yellow-type of Canola (Brassica) Seeds (Yu et al., 2013). One example 
of imaging application: from the molecular chemistry imaging, we can see difference 
between frost-damaged wheat and normal wheat.  
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Area II: Using Synchrotron-Based Analytical Methods to Detect Foreign gene-transformation 
induced protein structure change on a molecular basis. This exampled study was to use 
advanced synchrotron technique to compare protein molecular structure of transgenic alfalfa 
plant tissues transformed with the maize Lc regulatory gene with non-transgenic alfalfa 
protein within cellular and subcellular dimensions and to quantify protein inherent structure 
profiles using Gaussian and Lorentzian methods of multi-component peak modeling (Yu et 
al., 2009; Jonker et al., 2010; 2011; 2012). Currently we are using this technique to detect 
double-gene and two foreign gene inserted alfalfa (Heendeniya et al., 2014a,b) and gene-
knock down effect on alfalfa structure change in relation to nutrient value (Li et al., 2015). 
Our results showed that Lc-gene-transformation is expected to increase dairy cow milk yield 
from a 650 kg dairy cow with 2 kg/d if grazing on pasture with a dry matter intake of 17 kg/d. 
Area III: Using Synchrotron-Based Analytical Methods to Detect Heat-induced protein 
structure and subfractions in relation to protein degradation kinetics and intestinal availability 
(Doiron et al., 2009a,b; Yu et al., 2010, 2014; Pend et al., 2015). These exampled studies 
were to reveal protein structures of feed tissues affected by heat processing (Autoclaving, 
roasting, etc) at a cellular level, using the advanced synchrotron technology as a novel 
approach, and quantify protein structure in relation to protein digestive kinetics and nutritive 
value. The parameters assessed included protein structure α- helix to β-sheet ratio, protein 
subfractions profiles (using CNCPS system, protein degradation kinetics and effective 
degradability, intestinal digestion of protein, predicted nutrient supply in terms of the 
intestinally absorbed protein supply (DVE), or metabolizable protein (MP) and degraded 
protein balance (OEB) (Doiron et al., 2009a, b; Yu et al., 2010, 2014; Pend et al., 2015). This 
method can also be used to check how carbohydrate structure change affect nutrient 
availability in dairy cattle (Yu, 2012). In our recent study, we found that with molecular 
structure spectral profile data (eg. TCP1A and TCP2H), we can predict both metabolizable 
protein and degraded protein balance with R2> 0.9 without expensive and time consuming 
dairy cow trial. 
Area IV: Using Synchrotron-Based Analytical Methods to Detect Bio-ethanol processing 
induced structure changes on a molecular basis: relationship of protein structures to metabolic 
characteristics. This exampled study (Yu & Nuez-Ortín, 2010) aimed to reveal protein 
molecular structures of the new co-products of bioethanol production affected by bio-ethanol 
processing, identify the differences in protein molecular structure between grains and new co-
products and between different types of the bioethanol co-products and quantify protein 
molecular structures in relation to protein nutritive values. In this study, proteins were from 
wheat, corn, wheat DDGS, corn DDGS and blend DDGS (wheat:corn=70:30) from 
bioethanol production (Yu & Nuez-Ortín, 2010). Currently this technique is used to study 
interactive association between the molecular structure and nutrient utilization of the new co-
products (Carinata Meal) from bio-fuel processing as a new alternative feed for dairy cattle 
(Ban et al., 2015). 
Summary 
In conclusion, the above exampled studies demonstrate the potential of ultra-spatially resolved 
advanced synchrotron radiation based technique to reveal feed inherent structural change 
induced by various feed treatment and processing and can be used to reveal relationship 
between feed molecular structure changes and nutritive availability.  
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Introduction 
Karoline is a mechanistic and dynamic dairy model that was published in detailed book 
chapters (Sveinbjörsson et al., 2006; Danfær et al., 2006a; 2006b). The model was developed 
in a collaborative Nordic project and was partially based on the Doctor of Science thesis of 
Allan Danfær (1990). Original model (Danfær, 1990) was written in Fortran that makes using 
and understanding the model difficult for “amateurs”. Graphic modelling software can make 
it much easier to learn modelling and to understand and use by researchers. This type of 
software also facilitates close collaboration between modelling and experimental research, of 
which both should benefit.  
Karoline was built using the graphic Powersim® software. Input data (intake, diet 
composition, body weight, etc.) are formulated in an Excel spreadsheet which communicates 
with the Powersim model via the dynamic data exchange feature in Powersim. Basal 
calculations, for example diet composition from intake and composition of dietary ingredients 
and aggregated digestion kinetic parameters, are first made in Excel. Model output data is 
also returned to Excel so that further calculations can be made. Powersim is also an excellent 
tool in teaching, because dynamic processes can easily be demonstrated by simple models. 
In the original model evaluation (Danfær  et al.,2006b), Karoline predicted ruminal and total 
digestibility of nutrients and flow of microbial and feed protein to the small intestine 
accurately and precisely. Karoline also showed potential to predict methane emissions 
accurately (Huhtanen & Ramin, 2012). Thereafter, some revisions were made on the 
digestion model, especially on the methane sub-model, and local sensitivity analysis was 
performed (Huhtanen et al., 2015). Compared to other mechanistic models, performance of 
Karoline was good in terms of small root means squared prediction errors of 10 and 6% of 
observed mean with fixed and mixed model regression analysis, respectively (Ramin & 
Huhtanen, 2015). 
Using Powersim version 2.5 has become difficult, since the software does not work in 
modern computers with 64 bit system. One possibility is to install Windows 7 with a 32 bit 
system. Another alternative is to divide the computer into another virtual computer with 32 
bit system and Powersim in virtual mode. Especially the latter system has encountered 
problems. Because of the development of computers and systems, it is evident that we may 
not be able to use the Powersim 2.5 version in the near future. Therefore, other alternatives 
must be sought to be able to run and develop Karoline and other models developed in 
Powersim. More recent versions of Powersim are not able to read and run models made with 
the version 2.5. In addition, Powersim is not commonly used among animal scientists. One 
alternative is to rewrite Karoline in Excel. Preliminary testing using small NDF digestion 
models suggested that mechanistic dynamic models can also be built in an Excel spreadsheet. 
Numerical solutions for compartmental sizes and fluxes were found to be identical in Excel 
and Powersim applications. The objectives of this paper is to present principles how to build 
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mechanistic dynamic models using Excel spreadsheet  and present comparisons of model 
solutions of Karoline digestion model by Powersim and Excel softwares. 
Principles 
In Powersim compartments, auxiliaries, constants and fluxes have different graphic symbols. 
A simple one-compartment model describing digestion of the dietary component potentially 
degradable neutral detergent fibre (pdNDF) is described in Figure 1. Time graphs can easily 
be made to illustrate changes in pool sizes, fluxes and auxiliaries during simulation. The 
changes in ‘Pool’ over time are described by the differential equation: 
 Pool dt/dx = -dt*Passage – dt*Digestion + dt*Intake 
An advantage of Powersim is that when the fluxes are built manually by a graphical tool, the 
differential equations are automatically developed. 
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Figure 1. Graphic presentation of a simple dynamic model in Powersim. 
When the same model is constructed in Excel, we need to write the explicit equations for 
pools (compartments), fluxes and auxiliaries from Powersim (Figure 2) on different columns 
with each time step on a different row.  
 
Figure 2. Equations of the graphic model presented in Figure 1. 
The graphic model presented in Figure 1 can be written in Excel as described in Figure 3. The 
model requires 5 lines and 1 000 rows for a 100-h simulation time with a time step = 0.1 h. In 
practise, simulations times should often be longer than 100 h to ensure reaching a steady-state 
solution. The last hour simulation is shown in Figure 4. In this example digestibility 
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coefficients were calculated from the last hour data, but in practise it is recommended to 
present fluxes based on the last 24 h data. It is worth noting that the model did not reach 
absolute steady-state during this 100-h simulation. 
 
Figure 3. Excel application of the first hour simulation of the graphic model presented in Figure 1.  
 
Figure 4. Excel application of the last hour simulation of the graphic model presented in Figure 1.  
Karoline in Excel 
Karoline includes both digestion and metabolism of nutrients and is a very large model that is 
described graphically in 54 pages (nutrient digestion 24 pages) including 102 compartments, 
292 flows, 197 constants and 528 auxiliaries. In Excel format, the nutrient digestion model 
required 1 075 200 cells (224 columns and 4 800 lines; time step = 0.1). The same Excel 
spreadsheet for fermentation equations, ration formulation and computing diet composition 
and aggregated digestion kinetic parameters is used as for the Powersim application. The 
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input data is then transferred by a macro to another Excel file (Karoline Excel), in which it 
takes approximately 4 s to execute the model. In Powersim, a run takes about 22 s when 
graphic is turned off. Further calculations of results are made and presented in 13 Tables in 
another spreadsheet in the same file. The results section is more comprehensive than the 
previous version, including e.g. amounts of nutrients absorbed in moles, grams and MJ per 
day and calculated potential for gluconeogenesis (AA not included). The results (125 
variables) are also collected in the ‘LOG’ sheet in the same file with one simulation per line 
from the tables by use of a separate macro. 
One potential problem in writing large models like Karoline in Excel could be using Euler’s 
algorithm, where first initial conditions for the compartments (pools) and flows are 
calculated, as described earlier. The flows are used to update the compartments and the new 
values are then used to recalculate the flows. It only uses derivative information at the 
beginning of each time step. Making time steps shorter can reduce the error imposed by the 
Euler method. When time step approaches zero, the Euler approximation approaches an exact 
solution. Fourth order of Runge-Kutta (RK4) algorithm is a more advanced method that uses 
four flow calculations within each time step, one initial, two at mid-points and one at the end-
point. From these, a weighted average value is calculated. Using the RK4 algorithm in Excel 
would make the model considerably larger since 4 extra columns for each flow would be 
required. In evaluations of simple models, the two algorithms deviated at the beginning of the 
simulations when the rate constants were high and time steps long, but using a 0.1 h time 
step, the same steady state was reached approximately at a time was much less than 480 h in 
the current application. 
Table 1. Selected pool sizes of nutrients in digestive tract simulated by Powersim using RK4 and Euler 
algorithms or by Excel spreadsheet 
  Powersim Excel 
  RK4 Euler 
Rumen NDF pools (g) 
       Forage pdNDF-NEP1 1602.46 1602.46 1602.42 
    Forage iNDF-EP2 1004.52 1004.52 1004.49 
    Concentrate-pdNDF-EP 424.93 424.93 424.93 
Rumen N pools (g) 
   Rumen ISN (g) 
       Forage ISN-EP 17.37 17.37 17.38 
    Concentrate ISN-EP 30.05 30.05 30.05 
    Peptide N 11.269 11.269 11.266 
    Free AAN 3.196 3.196 3.196 
    Ammonia N 7.762 7.735 7.807 
Hind-gut (g) 
       iNDF 324.00 324.00 324.00 
    pdNDF 346.93 346.93 346.90 
    Ammonia N 2.2388 2.2372 2.2660 
1NEP = Rumen non-escapable pool; 2EP = Rumen escapable pool 
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The differences between RK4 and Euler algorithms in pools sizes of various nutrients were 
negligible, if any, in Powersim simulations (Table 1). Similarly, only minor numerical 
differences in pool sizes of different nutrients were observed between Powersim and Excel 
simulations. Actually, the values estimated by Excel can be more exact, since Excel uses 15 
decimals compared to only 5 decimals in Powersim. Calculated diet composition, passage 
kinetic parameters and aggregated digestion rates of pdNDF, starch and insoluble protein 
usually have more than 5 decimals that can result in minor differences in fluxes and pool 
sizes compared with input data presented only with 5 decimals. Also in fluxes the differences 
between the systems were negligible. For example, digestibility of organic matter was 74.25 
vs. 74.23% and microbial N flow 273.08 and 273.30 g/d with Excel and Powersim 
simulations, respectively. 
Table 2. Predicted values from Karoline simulations when the same diet (grass silage – barley – rapeseed meal 
60:30:10; CP 168 g/kg DM, NDF 439 g/kg DM) was fed to sheep, growing cattle and dairy cows. 
  Sheep Growing cattle Dairy cow 
  
Body weight, kg 60 350 600 
DM intake, kg 1.0 8.0 20.0 
Rumen pool, kg 
        NDF 0.35 2.72 6.40 
     iNDF 0.13 0.97 2.13 
     Organic matter 0.62 4.71 11.05 
Total VFA, mmol/L 89.3 102.3 119.0 
Digestibility 
       Organic matter 0.762 0.751 0.733 
    NDF 0.678 0.662 0.635 
    pdNDF 0.817 0.797 0.765 
    CP 0.745 0.735 0.724 
     MFOM1, g/kg DM intake 86.4 90.1 95.9 
N flow, g/d 
        Microbial N 13.6 114.9 310.3 
     Feed N 5.3 47.1 136.5 
     Non-ammonia N 18.9 162.0 446.8 
CP degradability 0.801 0.778 0.743 
Microbial N, g/kg TDOM2 18.5 19.9 22.1 
Methane 
        g/kg DM intake 26.7 24.8 22.1 
     kJ/MJ GE intake 83.1 77.1 68.6 
1 MFOM = Metabolic faecal output (OM – NDF); 2 TDOM = Truly digested organic matter in the rumen. 
The performance of the model was evaluated using the same diet (grass silage-barley 
rapeseed meal: 60-30-10 on DM basis) for sheep (body weight 60 kg), growing cattle (350 
kg) and lactating dairy cows (600 kg). Respective DM intakes were 1.0, 8.0 and 20.0 kg/d. 
Initial pool sizes were typical for dairy cows fed approximately 20 kg DM/d. Some selected 
simulation results are shown in Table 2. Although the Karoline model was developed for 
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dairy cows, the simulated values for sheep fed slightly above maintenance requirement 
(feeding level 1.3) were within the range of expected values. This suggests that the 
mechanisms of transactions in the digestive tract are described with a reasonable accuracy in 
the Karoline model. For example, predicted differences in OM digestibility (OMD) between 
sheep and dairy cows at a production level intake were close to the difference between 
observed OMD in dairy cows and OMD predicted at maintenance level from in vivo or in 
vitro OMD of forages and tabulated digestibility coefficients for concentrate ingredients 
(Huhtanen et al., 2009).  
Conclusions 
The digestion sub-model of the Nordic dairy cow model Karoline was transferred to the 
Excel format. Comparisons of the Excel model with different algorithms in Powersim 
confirmed that with a 0.1 h time step and 480 h simulation time, both softwares gave identical 
solutions. The Excel version has two advantages: the model is easily available to possible 
users and it runs faster. On the other hand, demonstrating transactions and mechanisms in 
nutrient digestion is more illustrative with graphic softwares than with the Excel spreadsheet. 
Model development would also be easier with Powersim compared with Excel. Based on my 
own experience, graphic modelling softwares like Powersim make both learning and teaching 
mechanistic modelling easier. Graphic modelling software also can improve communication 
and mutual understanding between modellers and experimentalist.  
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Introduction 
Several different modifications of cell wall analysis (neutral detergent fiber (NDF), acid 
detergent fiber (ADF) and sulphuric acid lignin (lignin (sa)) have been described and 
continue to be developed for forages, in particular for ruminant feeds. However, a large 
variation between laboratory results for fiber fractions of red clover grown in Sweden created 
the need to investigate the effect of specific modifications of the technique on the estimates 
of cell wall structure. An editorial in Animal Feed Science and Technology (2005) reviews 
the evolution of some overall modifications from the 60’s and was used as a start for the 
research. In 2002 the American Organisation of Analytical Chemists approved the NDF 
methodology (Mertens, 2002). This article concludes that “Sixty min of refluxing at boiling 
temperatures achieves asymptotic extraction” and “the proposed method uses 2 additions of 
heat-stable amylase: one in neutral detergent (ND) solution after initiation of boiling, and one 
in the first residue washing step” in order to remove starch. Finally, this article states that 
“research by the Study Director indicated that sodium sulfite is critical for removal of 
proteinaceous matter in heated or cooked feeds, and it was reintroduced in the method that is 
being evaluated”. Hintz et al. (1996) recommend 1:1 grams/gram of sulfite to sample, based 
on a series of trials. Hunt et al. (1995) investigated 4 neutral detergent extraction methods to 
determine where changes due to sodium sulfite occurred. They concluded that use of sodium 
sulfite in the rinse was a viable method to decrease sample analysis time without 
compromising NDF results. However, use of sodium sulfite is still controversial. Already in 
1991, in a review of the methodology, Van Soest et al. (1991) stated that “Sulfite also attacks 
lignin and therefore should not be used in sequential analyses leading to lignin 
determination…”  
The ANKOM200 Fiber Analyzer® is a machine used to determine NDF and ADF residues in 
24 filter bags at a time. It has an inner chamber that can heat (100 ± 0.5°C) 2 liters of fluid 
and a bag suspender with trays that move vertically and rotate while maintaining a pressure 
of 10-25 psi. This instrument is made to be capable of creating a similar flow of solution 
around each sample to ensure uniformity of extraction (ANKOM2000 with 65 rpm agitation, 
ANKOM Technology). These filter bags are nitrogen and ash free, can withstand 72% 
sulfuric acid, and have a porosity of 25 microns. The residual material in the fiber bags is 
weighed after washing with ANKOM® ND solution, ANKOM® Acid Detergent Solution (AD 
solution) or 72% sulfuric acid and the residual expressed as % of DM or g/kg of the original 
DM.  
On the basis of the uncertainty of 1) reflux time for NDF using the ANKOM® Fiber Analyzer, 
2) the number of necessary alpha amylase additions and 3) the potential effects of sulfite on 
fiber fractionation, a series of trials were conducted to test the following hypotheses: 
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1) NDF concentration in red clover achieves an asymptote after 3 sequential washes  
2) NDF and ADF concentrations in red clover are reduced with increasing doses of sodium 
sulfite and increasing exposure time. 
3) Lignin (sa) concentration in red clover, determined sequentially after NDF and ADF 
determination, is reduced with increasing doses of sodium sulfite in the ND solution wash.  
Materials and Methods  
Five varieties of red clover (Trifolium pratensis: Ares, Nancy, Roseta, Taifun, and Vicky), 
grown at the Rådde Experimental Station, the Rural Economy and Agricultural Society, in 
southwest Sweden were used to test the hypotheses. The varieties were harvested June 11, 
2012 from a clover variety experiment designed as a randomized block with three field 
blocks. The crude protein concentrations ranged from 160 to 180 g/kg DM (Nadeau et al., 
2014). The samples were dried and ground to pass through a 1 mm screen. Approximately 0.5 
g of this material was placed in an ANKOM® “F57” filter bag. Four batches of fiber 
fractionation with a different treatment for each batch were analysed (first four treatments in 
Table 1). The same five red clover varieties were analyzed in each treatment with either 2 
(SS0*3, SS20W, SS11W, SS11R) or 3 (SS0*2) replicated bags with the plant sample from 
each block. All samples were analyzed for NDF, ADF and lignin (sa). The results from the 
fifth treatment (SS02*A) were from another research project using the same samples (5 
clover varieties) but including more harvest times. Only samples from same harvest and 
blocks were included for comparison. The SS02*A was considered the “reference” treatment 
as it adheres to the AOAC methodology (Mertens, 2002).  
The aNDF and ADF concentrations were determined in differing batches of ANKOM®Fiber 
Analyzer A200 runs. The treatments used were based on the variations in methodology 
reported above, and were as described in Table 1.  
Table 1 Abbreviations and descriptions of NDF methodology modification  
Treatment 
name 
Treatment description 
SS0*3 75 minutes washing in ND solution with no addition of sulfite. Three (3) subsequent rinses with 
deionized water for 5 minutes each. Addition of 4 ml heat stable amylase to the wash and to the 
subsequent first two rinses. The bags were dried and weighed and the treatment repeated twice. 
The bags were thereafter analyzed for ADF and lignin (sa) sequentially. 
SS20W 75 minutes washing in ND solution with addition of 20 g of sulfite in 2L ND solution. Three (3) 
subsequent rinses with deionized water for 5 minutes each. Addition of 4 ml heat stable amylase 
to the wash and to the subsequent first two rinses. This is the protocol recommended by 
ANKOM® (ANKOM Technology, Macedon, NY) The residual material was analyzed for ADF 
and lignin (sa) sequentially. 
SS11W:   As S20W but with only 11 g sulfite in the ND solution. The residual material was analyzed for 
ADF and lignin (sa) sequentially. 
SS11R:   75 minutes washing in ND solution with three subsequent rinses with deionized water of 5 min. 
Eleven (11) g sodium sulfite added to the first rinse. Addition of 4 ml heat stable amylase to the 
wash and to the subsequent first two rinses. The residual material was analyzed for ADF and 
lignin (sa) sequentially. 
SS02*A: 75 minutes washing in ND solution with no sodium sulfite, three subsequent rinses with 
deionized water for 5 minutes each. Addition of 4 ml heat stable amylase to the wash and to the 
subsequent first rinse. The residual material was analyzed for ADF and lignin (sa) sequentially. 
This was considered the reference treatment. 
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The NDF and ADF residues were determined using the ANKOM® Fiber Analyzer A200 
(ANKOM Technology, 2010). The ANKOM® DaisyII Incubator was used for lignin (sa) 
determination. Empty bags were included in all runs to correct for empty bag weight changes. 
All calculations are reported on a g/kg DM basis inclusive of residual ash (aNDF, ADF).  
All statistical analyses were conducted with the R statistical software (R Development Core 
Team, 2013) using a linear mixed-effects models the (LMER package in R) (Bates et al., 
2014) with treatment as a fixed variable and feed as a random variable. The number of 
observations for Vicky, Nancy and Taifun in the first 4 treatments (SS0*3, SS20W, SS11W, 
SS11R) was: 3(varieties) × 4(treatments) ×2(blocks) × 2(bags=reps) = 48. No differences 
were found between blocks and effect of block was not included in the final model. The 
number of observations for Ares and Roseta in the first 4 treatments was: 2(varieties) × 
4(treatments) ×1(block) ×2(reps) =16. The number of observations for Ares, Nancy, Taifun, 
and Vicky in the fifth treatment (SS0*2A) were 4(varieties) × 1(treatment) × 2(blocks) × 
3(reps) =24:  and for Roseta: 1(variety) × 1(treatment) × 1(block) × 3 (reps) =3. All 91 
samples were included in the treatment analyses model. No differences were found between 
blocks and effect of block was not included in the final model. Only the aNDF concentration 
of the final SS0*3 treatment (third wash) was included in the statistical model for differences 
in treatments. Due to differences between the varieties, but the use of the same variety in each 
treatment, clover variety was included as a random variable in the model. Each treatment was 
tested against the reference treatment (SS02*A) alone and thereafter against all other 
treatments.  
Results and Discussion 
The average decrease of the aNDF concentrations from the first to the second ND solution 
wash (SS0*3) ranged from 11 to 13%, while the decrease from the second to the third ND 
solution wash ranged from 3 to 5%. The aNDF concentration did not reach an asymptote after 
3 sequential washes, as can be seen in Figure 1. The reduction between second and third wash 
was different from zero (asymptote; P < 0.05). However, it should be noted that this research 
was undertaken by subjecting the same filter bags to repeated washes. Despite the 
“gentleness” of the washing and rinsing procedures, a certain continued loss might be 
expected through the filter bag pores, primarily due to heterogeneous particle size. More 
research is needed with prolonged single (non-sequential) wash times. 
The sequential ND solution wash treatment (SS0*3) decreased (P < 0.05) NDF, ADF and 
lignin (sa) compared to the reference (SS02*A) treatment (Figure 2). Furthermore, the 
sequential ND solution treatment (SS0*3) reduced the numerical concentration of NDF, ADF 
and lignin (sa) more than any of the sulfite treatments (SS20W, SS11W, SS11R). Use of 11 g 
of sulfite in the rinse resulted in more NDF, ADF and lignin (sa) compared to the reference 
treatment (SS02*A) (P<0.05). This result was surprising and no reasonable explanation 
found.  
The NDF concentration after SS11W was not s different (P>0.05) from the reference 
treatment (SS02*A) or 20 g sulfite in the wash (SS20W).  However, a numerical decrease of 
NDF and lignin (sa) concentrations was seen when using 11 g of sodium sulfite in the wash, 
compared to both the reference treatment (SS02*A) and 20 gram in the wash treatment 
(SS20W). This suggests that lignin is not solubilized and lost from red clover when using 
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sodium sulfite in sequential NDF, ADF and lignin (sa) analyses. However, the variation 
between sample results (magnitude of SEM) was greater when using 20 g in the wash 
compared to 11 g in the wash and therefore the addition of 11 g in the ND solution wash is 
recommended. 
 
Figure 1 NDF (g/kg DM) after 3 sequential washes with neutral detergent solution. 
 
Figure 2 Comparison of NDF, ADF and lignin (sa) concentrations between different treatments. See text for 
treatment details and labels (SEM shown by error bars). 
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Conclusions 
aNDF values of red clover did not reach an asymptote after three repeated analyses in the 
ANKOM® Fiber Analyzer. More research is needed to ascertain the correct reflux time. 
Repeated NDF washing affected aNDF, ADF and lignin (sa) concentrations more than 
addition of sodium sulfite. Use of 20 g sulfite in the wash does not produce statistically 
different results compared to the use of 11 g sodium sulfite for NDF, ADF and lignin (sa)  
values. Use of 11 g of sodium sulfite in the wash produced less variation in NDF, ADF and 
lignin (sa) results and is therefore recommended for red clover varieties. The ANKOM® fiber 
fractionation system is an extremely easy method to measure fiber. However, the differing 
results from varying ND solution reflux times as well as varying sodium sulfite doses and 
exposure times have underlined the need for more research to standardize the method in order 
to ensure the integrity of the plant structural components. 
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Broad perspective 
Considerations regarding the economic role of grass silage as a ruminant feed or as a 
feedstock for mesophilic anaerobic digestion (AD) have much in common. Furthermore, the 
factors affecting grass silage digestibility by ruminants have much in common with those 
influencing methane production potential during mesophilic AD. 
Biomass produced by grassland is a reservoir of solar-derived chemically-stored energy. This 
energy is most often utilised by herbivores and the major commercial emphasis is on 
exploiting it with ruminants. The availability of this energy to ruminants is influenced by 
numerous crop, animal and management factors, but particularly by the amount (including 
relative proportions) and form of the various chemical compounds in the herbage. These 
influence the content of energy (a) directly available to the animal, (b) indirectly provided by 
the activity of bacteria, archaea, protists and fungi in the animal’s reticulo-rumen and large 
intestine, or (c) not available to the animal. Crucial to the evolution of ruminants being able 
to exploit fibrous diets is the symbiosis with a complex ecosystem comprised of the vast, 
diverse, interdependent and collaborative population of micro-organisms living in their 
digestive tract. These micro-organisms permit the ruminants to access the energy stored 
within the fibre fraction of feeds and, with many forages, this represents the majority of the 
energy potentially available from the plant. In return, the animal provides the micro-
organisms with an anaerobic environment where, in a liquid medium maintained within a 
narrow temperature range, a complex and balanced nutrient supply is matched by the 
continuous removal of the products of microbial digestion. A side-effect of how this fibre-
digesting process has evolved is the production of methane as a ‘waste’ by-product. Because 
of the loss of energy that methane represents to the animal, but particularly because of its 
greenhouse gas effect, much research in recent years has focussed on how to curtail this 
methanogenesis process. 
Biogas is produced by the AD of feeds and its commercial value resides within its content of 
methane (biogas is approximately 55% methane). This methane is valuable as a fuel (its 
energy is used for electricity generation, heat provision, powering transport vehicles or other 
functions also provided by natural gas) and as a chemical feedstock (for manufacturing 
diverse products). The biological processes that take place during the mesophilic AD of feeds 
to produce biogas have much in common with ruminant microbial digestion, but the 
commercial emphasis with biogas production is on greatly increasing methane output. Most 
of the chemical and some of the physical characteristics of feeds that determine the extent of 
their digestion by ruminants similarly affect biogas production from an AD reactor. However, 
whereas the ruminant removes and utilises some of the soluble nutrients contained within the 
feed together with much of the initial breakdown products from the microbial digestion of the 
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same feeds, the vast, diverse, interdependent and collaborative population of microbes in an 
AD reactor combine to continue the digestion of available organic substrate (including the 
initial products of microbial digestion) to a much more advanced state of degradation, thereby 
greatly increasing methane production. The other major difference between the feed-related 
digestion processes in ruminants and mesophilic AD reactors is that ruminants up- or down-
regulate their intake of feed depending on an array of feed (and animal, management and 
environmental) characteristics whereas the operator of an AD reactor largely ignores these 
traits and pre-programmes the daily input of feed. 
The technical and economic efficiency of transferring the chemically-stored energy from a 
standing crop through to ingestion by ruminants impact greatly on the sustainability of the 
process. Thus, when forages are ensiled as a strategy to efficiently provide a secure future 
supply and desired quality of feed to ruminants, considerable effort is invested in constraining 
losses at the field, silo and feedout phases of this feed provision process. This technical 
efficiency is similarly of considerable economic importance when conserving forages as 
feeds for biogas production. Also of great importance in defining the economic sustainability 
of farm-based ruminant and biogas production systems is the yield of crop biomass per ha 
since, in general, the greater the amount of available crop energy over which to apportion 
biomass provision costs the lower the cost per unit biomass energy provided to the animal or 
AD reactor.  
The practice of using whole-crop large- (e.g. maize) and small- (e.g. wheat, barley, triticale) 
grain cereal silages for biogas production has been in place for more than two decades in 
many European countries. Their use reflects their suitability to local farming circumstances. 
Many of the now relatively mature technologies associated with the design and operation of 
AD reactors on European farms were developed with these cereal silages as their major 
feedstock and consequently some of the features of these facilities reflect optimal adaptation 
to the particular physical and chemical traits of these feedstocks. A considerable repository of 
published research underpinned and responded to this use of whole-crop (above ground) 
cereal silages for biogas production (Lebuhn et al., 2008; Brunia et al., 2010; Hutňan et al., 
2010; Herrmann et al., 2012a; Rincón et al., 2012; Colussia et al., 2013; Tóthné Zsubori et 
al., 2013). 
In some European countries biomass from permanent grassland is the predominant energy-
rich feedstock grown on farms and this, together with slurry produced by housed livestock, 
would be the obvious feedstocks to be considered for sustainable biogas production on these 
farms. This paper will provide an interpretation of the published literature on mesophilic 
biogas production from temperate (C3) grass silages. 
Energy yield  
Although the plant species present in temperate permanent grassland normally convert less 
than 1% of incident solar energy into biomass, highly productive meadows have the potential 
to capture over 280 GJ gross energy/ha annually in above-ground biomass (15 t dry matter 
(DM)/ha at 18.7 MJ/kg DM). The extent to which grassland biomass will support a high 
methane output/ha will vary widely, reflecting ranges in the biomass yield/harvest, the 
number of harvests within a year and the methane production potential of the biomass. In 
farm practice the biomass output/ha grassland is often low, but McEniry et al. (2013a) 
identified the potential to greatly increase annual grassland biomass output per ha by 
optimally applying available technologies while still adhering to environmental constraints. 
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Grass and grass silage can be excellent feedstocks for biogas production, however a wide 
range in values (198-467 L CH4/kg organic matter (aka volatile solids)) for specific methane 
yield has been reported (Nizami et al., 2012; Murphy et al., 2011; Prochnow et al., 2009). 
Thus, a wide range in methane outputs/ha can occur, with Amon et al. (2005) describing 
scenarios where methane yields of 500 to over 3000 Nm3/ha/a would be produced and Wall 
et al. (2013) indicating yields of over 4000 Nm3 methane/ha/a.  
Chemical composition of biomass 
The impact of sward botanical composition, growth stage at harvest, conservation efficiency, 
etc., on the range in gross energy (i.e. calorific) values per unit silage organic matter is quite 
modest. Where the range is wide, however, is in the extent to which the anaerobic microbial 
community in the rumen or a mesophilic AD reactor can access this gross energy, and 
particularly so for the proportion within plant fibre. This, in turn, has a major influence on the 
yield of biogas or methane that can be produced from grassland biomass by AD and on how 
the above and other factors can impact on the methane potential of such biomass. 
Among the temperate grass species typically found in grassland associated with commercial 
ruminant production the main effects of grass species on methane output during AD depend 
on grass phenological growth stage more than harvest date. Similar harvest date dependent 
differences in methane output would likely also occur among varieties within a species. 
However, when methane outputs were standardised to common phenological growth stages 
across various grass species [perennial ryegrass (Lolium perenne L.var. Gandalf), Italian 
ryegrass (Lolium multiflorum Lam. var. Prospect), tall fescue (Festuca arundinacea Schreb. 
var. Fuego), cocksfoot (Dactylis glomerata L. var. Pizza) and timothy (Phleum pratense L. 
var. Erecta)], rather than to harvest dates, then species did not have a significant effect on 
methane output/kg organic matter incubated (McEniry et al., 2013b). A similar absence of 
effect would be expected among varieties within species if they were compared at common 
growth stages. Pre- and post-ensilage biomass harvested from landscape management and 
high nature-value grassland can be quite variable in composition, and grassland rich in moor 
grasses, some non-legume forbs and, in particular, sedges may not be suited to methane 
production by mesophilic AD (Hermann et al., 2013) if they are of low digestibility. In 
addition to the methane output/kg organic matter incubated associated with different 
grassland species, grassland botanical composition can indirectly affect biomass suitability 
for methane production by the extent to which it can generate economically sustainable yields 
of biomass and the extent to which it naturally undergoes an efficient conservation process 
with low losses. 
Grass phenological growth stage has a considerable impact on the proportion of fibre and on 
the latter’s refractory nature when subjected to microbial digestion and, as a consequence, it 
impacts on the amount of methane produced from biomass. McEniry et al. (2013b) 
demonstrated this with monocultures of each of five temperate grass species where mean 
neutral detergent fibre (NDF) values increased from 519 to 644 g/kg dry matter (DM; aka 
total solids) and DM digestibility declined from 782 to 583 g/kg between the harvesting of 
immature (12 May) and mature (7 July) phases of the primary growth of these grasses. The 
corresponding reduction in specific methane output was from 253 to 225 NL CH4/kg organic 
matter when grass samples were anaerobically digested under standardised test conditions. 
Even though growth stage (or harvest date) significantly alters grass digestibility (King et al., 
2012), this relationship can be modified by other factors altering the lignification of stem 
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(e.g. solar radiation, temperature, soil moisture deficit) or the accumulation of dead 
vegetation at the base of a silage sward. These factors impact on herbage nutritive value for 
ruminants (O’Kiely et al., 1995; Bertrand et al., 2008; Virkajarvi et al., 2012; Jing et al., 
2013) and would likely similarly impact on the potential methane yield from a mesophilic 
AD reactor. 
The efficiency of the conservation process between mowing a standing crop and inputting 
silage to an AD reactor will impact on methane output/ha due to both quantitative and 
qualitative losses throughout the process. Quantitative losses of crop DM can range from 
<150 to >300 g/kg and the resultant different amounts of silage biomass available for AD 
result in corresponding greater or lesser outputs of methane/ha. Qualitative losses also reduce 
methane output/ha even though in cases where ensilage losses of DM are greater than the 
losses of energy (Kreuger et al., 2011) the methane output/kg organic matter incubated may 
be increased. This latter outcome has been demonstrated by Pakarinen et al. (2008), 
Herrmann et al. (2011) and Herrmann et al. (2012b), although the effect has not always been 
consistent (Kreuger et al., 2011; McEniry & O’Kiely, 2014; Nolan et al., 2014). The actual 
type of primary fermentation and the extent of any secondary fermentation will impact on 
both the efficiency of conserving DM and energy (Kreuger et al., 2011) and methane 
output/kg organic matter incubated. Thus, for example, Herrmann et al. (2011) have shown 
that silages with fermentations that produced elevated concentrations of ethanol or butyric 
acid can produce more methane/kg organic matter incubated. This results from their 
considerably higher carbon and less oxidised molecular state than lactic acid, acetic acid, 
glucose or fructose. It is important to remember that the apparent benefit of higher methane 
output/kg organic matter incubated for silages of elevated ethanol or butyric acid 
concentration is an outcome of the greater loss of organic matter that occurred during the 
conservation of such silages, so there is at best no advantage to methane output/ha from such 
fermentations. In fact, the results of McEniry et al. (2014a) indicate that the ensilage losses 
far outweigh any modest gain in specific methane yield (i.e. methane output/kg organic 
matter incubated) where a silage had undergone a clostridial fermentation, resulting in a 
major reduction in methane output/ha. 
Once the ensilage process has stabilised, and if a lactic acid fermentation dominates, it would 
be expected that the methane production potential of the silage will remain stable over an 
extended duration of anaerobic storage. In contrast, the methane production potential can 
continue to change over time when a secondary fermentation ensues over the extended 
storage duration (Pakarinen et al., 2008; Herrmann et al., 2011). 
Qualitative conservation losses that result in a decline in herbage digestibility (e.g. 
respiration, leaf shatter, rain leach, effluent) would be expected to lead to a reduction in 
methane output/kg organic matter incubated. Even though silage effluent can be a sizeable 
quantitative and qualitative loss, it can be collected and fed into the AD reactor, with Abu-
Dahrieh et al. (2011) reporting methane outputs of 0.385 m3/kg chemical oxygen demand. 
Thus, effluent need not constitute a loss from the overall system, and McEniry et al. (2011) 
demonstrated the economic benefit such conversion of silage effluent energy to methane 
energy can contribute in an AD system. Losses due to respiration can be quite considerable in 
some silages and in most cases represent a loss of digestible substrate that would have been 
particularly efficient for methane production during AD. McEniry et al. (2014a) confirmed 
this loss by demonstrating reduced methane output/kg organic matter incubated due to 
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exposing a range of silages to air for eight days. It is also possible that some mycotoxins 
produced by moulds would have detrimental effects on the AD process. 
Considerable caution is needed with ‘effects of ensilage’ assessments because losses of 
volatile organic constituents during oven drying can result in (a) underestimation of silage 
DM content and thus an overestimation of methane output/kg DM incubated, and (b) 
underestimation of methane output potential where dried rather than fresh samples are 
incubated in laboratory-scale incubators. The more extensive the silage fermentation and the 
greater the proportion of ethanol, volatile fatty acids and ammonia within the fermentation 
products, the more severe the extent that these errors can be. In principle, comparable errors 
are a risk if estimating the DM content of other feedstocks that contain compounds more 
volatile than water during oven drying, including cattle and pig slurry. 
The feedstock input to an AD reactor must meet the collective biochemical, mineral and 
physical needs of its complex microbial ecosystem so that it efficiently produces high and 
stable outputs of methane over an extended duration. This requires the input of nutrients to 
avoid excess, deficient or imbalanced contents of essential nutrients, and avoids inappropriate 
inputs of phytotoxins, mycotoxins, etc., via the feedstock. Chen et al. (2008) indicated that a 
wide range of inhibitory substances need to be avoided including ammonia, sulphide, light 
metal ions, heavy metals, and some organic compounds. It is also likely that nitrates could 
inhibit methanogenesis (Navarro-Villa et al., 2011), although they are more likely to be 
present in pre- rather than post-ensiled grass. Hansen et al. (1998) confirmed the inhibitory 
effect of ammonia on methane production during AD of swine manure, and this risk with 
ammonia needs to be reviewed when using silages made from leafy grass (particularly 
vegetative grass in autumn) (O’Kiely, 1993), heavily nitrogen-fertilised grass (Keady et al., 
1996) or grass with a high clover content (Winters et al., 2004), as these contain high 
amounts of nitrogen-based compounds.  
Grass can be physically, chemically or biologically treated pre- or post-ensilage to improve 
its suitability for methane production. Thus, for example, additives are sometimes applied to 
grass at harvesting to potentially improve conservation efficiency by promoting a more lactic 
acid dominant fermentation (e.g. efficient lactic acid bacteria, additional fermentable 
substrate, acid, fibrolytic enzyme, inhibitors of undesirable bacteria such as Clostridia), 
reducing or eliminating effluent outflow (e.g. absorbents) or improving aerobic stability at 
feedout (e.g. chemical or biological agents). They may also be applied to potentially increase 
the extent or pattern of methane output/kg organic matter incubated (e.g. added energy, 
protein or trace elements, fibrolytic enzymes). It can reasonably be expected that additives 
that reduce quantitative and/or qualitative conservation losses will improve organic matter 
yield conserved and/or methane output/kg organic matter incubated, and thus methane 
output/ha harvested. However, the scale of these effects, if they occur, may not always be 
economically rewarding. Technical benefits from bacterial silage additives have not been 
consistent (Pakarinen et al., 2008; Plochl et al., 2009b; Herrmann et al., 2013; McEniry et al., 
2014a). Parawira (2012) outlined the mechanisms by which fibrolytic enzymes could 
facilitate the anaerobic digestion of lignocellulosic substrate, and the extent to which these 
could increase the extent and/or rate of methane production during AD has been 
demonstrated by Suarez Quinones et al. (2012). Such enzymes could also impact on methane 
output via their influence on silage fermentation, aerobic stability or effluent output, and 
Plochl et al. (2009a) have shown their potential to alter the fluidity characteristics of the 
biomass, and this could be advantageous in some practical circumstances.  
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Parawira (2012) also outlined a range of other pretreatments that could be used to increase 
the biodegradability of lignocellulosic biomass, including milling, irradiation, steam 
explosion, ammonia fibre explosion, supercritical carbon dioxide explosion, alkaline 
hydrolysis, liquid hot-water pretreatment, organosolvent processes, wet oxidation, ozonolysis 
and acid hydrolysis. Thus, for example, Xie et al. (2011a) demonstrated the ability of thermo-
chemical pre-treatment of grass silage to increase methane output/kg organic matter 
incubated.  
Physical characteristics of biomass 
Field wilting of grass between mowing and harvesting is undertaken to evaporate water from 
biomass and thus reduce or eliminate effluent production, restrict silage fermentation or 
direct it towards greater dominance by lactic acid bacteria, and produce a feedstock that is 
easier to mechanically transport and handle. However, successfully wilted silages may be 
more susceptible to aerobic spoilage during feedout. The value obtained from wilting 
depends on the efficiency with which unwilted grass would have conserved, on the speed and 
extent of drying of grass during field wilting, on the extent of physical losses during wilting 
and harvesting, and on aerobic losses incurred during feedout. Thus, a range of contrasting 
methane output responses to wilting have been recorded (Pakarinen et al., 2008; McEniry et 
al., 2014). 
Biomass from grassland can be comminuted pre- (Herrmann et al., 2012b) or post- 
(Lindmark et al., 2012) ensilage. In farm practice, silages can be successfully ensiled without 
chopping as is evidenced by efficient baled silage systems where grass often receives no 
chopping. The chop length ranges investigated by Herrmann et al. (2012b) were all shorter 
than the 19 mm nominal chop length often targeted if chopping grass when producing silage 
as a feed for ruminants. Under these circumstances still finer chopping increased silage lactic 
acid content, reduced in-silo losses, increased silage density (which could have beneficial 
effects on silage aerobic stability at feedout but could be problematic regarding effluent 
outflow if wet biomass were ensiled) and increased methane output/kg organic matter 
incubated. Thus, the effects on methane output/kg organic matter ensiled were even larger. 
Very fine post-ensilage chopping and physical disruption can also lead to potentially large 
increases in methane output/kg organic matter incubated (Lindmark et al., 2012). However, 
all of these comminution processes require considerable energy inputs which in turn have 
obvious net energy gain and economic consequences. 
Co-digestion with cattle slurry 
In general, laboratory-scale anaerobic digestion tests show higher methane outputs/kg organic 
matter incubated for grass silage compared to cattle (Lehtomaki et al., 2007; Wall et al., 
2014b) or pig (Asam et al., 2011) slurries, although this relativity can disappear for 
sufficiently low digestibility grass silage (Xie et al., 2011b; Himanshu et al., 2015). Similar 
benefits of grass silage over cattle slurry have been shown in farm-scale mesophilic AD 
reactors (Luostarinen et al., 2013). In longer term continuous digestion tests, benefits to the 
stability of an efficient AD process can accrue from inclusion of slurry, as the latter can help 
stabilise pH, counteract ammonia inhibition and provide a more optimum C:N ratio for the 
process (Murphy et al., 2013). The operational conditions for specific grass silage and cattle 
slurry feedstocks and for an AD reactor type have been provided by Wall et al. (2013 & 
2014b), and the importance of overcoming a deficiency of specific essential trace elements in 
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order to ensure a prolonged duration of efficient methane production have been highlighted 
(Wall et al., 2014a).   
AD reactors for grass silage 
Many combinations of digester types for grass silage can be configured, and the benefits and 
weaknesses of these have been discussed by Nizami et al. (2010). The suitability of the 
digester configuration is linked to the specific feedstock characteristics. Wet-based systems 
such as the continuously stirred tank reactors (CSTRs) are suitable for grass silage with 
higher DM digestibility values. This is a traditional one-phase system, operating within a DM 
range of 20-120 g/kg, which benefits from a liquid co-substrate (such as slurry or recycled 
digestate liquor) to operate. Previous work by Wall et al. (2014) has shown mesophilic mono-
digestion of grass silage performs comfortably up to an organic loading rate (OLR) of 3.5 kg 
organic matter per m3 reactor per day in a CSTR. This gave the optimum methane yield with 
the highest feedstock throughput.  With the addition of slurry, a higher OLR of 4 kg organic 
matter per m3 reactor per day was achieved due to longer retention times and added 
availability of micronutrients in the slurry. In such systems it is recommended that the 
hydraulic retention time (HRT) exceeds 20 days to avoid washout of methane-producing 
bacteria. Difficulties associated with grass silage-fed CSTRs include fibrous materials 
floating on the reactor surface. A sufficient mixing system (that breaks the digestate surface) 
is crucial in a CSTR to prevent floating accumulations of grass silage and to ensure the 
micro-organisms interact effectively with the grass silage (Thamsiriroj et al., 2010).  
Nizami et al. (2011) investigated the use of a two-phase digestion process suitable for grass 
silages with higher NDF values. In this system the AD process is broken into two phases: 1) 
hydrolysis/acidogenesis and 2) acetogenesis/methanogenesis. Leach-bed reactors (LBRs) are 
sequentially fed and run in tandem with a high rate methanogenic reactor known as an upflow 
anaerobic sludge blanket (UASB). A high strength liquor leachate is produced from the LBRs 
(similar to silage effluent), which is subsequently fed to the UASB to produce a very high 
methane-content biogas (approximately 70%). Such systems cope well with feedstocks of 
high DM contents (200-400 g/kg) and have a lower parasitic energy demand than a CSTR as 
no mixing is required.  
Concluding perspective 
Grass silage can be used to efficiently produce high outputs of methane, both per kg organic 
matter incubated and per ha, over extended durations. The knowledge, technologies and skills 
required to provide this silage are largely similar to those already employed by commercial 
farmers operating efficient grass silage-dependent ruminant production systems. In fact, 
indices of forage digestibility developed to estimate the nutritive value of a range of silages 
for ruminants correlate well with the methane output that will be obtained from standard 
mesophilic AD batch tests (McEniry et al, 2013b; Seppälä et al., 2013). 
Considerable potential exists to further improve the sustainability of these systems by 
increasing biomass output/ha for crops at the appropriate phenological growth stage, and by 
reducing conservations losses and costs – the latter includes incorporating silage effluent into 
the feedstock stream and judiciously landspreading digestate to reduce inorganic N fertiliser 
purchases (McEniry et al., 2011).  Considerable potential must also reside in developing pre- 
and/or post-ensilage technologies to improve the extent, rate and/or stable duration of 
methane output/kg organic matter incubated. These could involve enzymatically ‘upgrading’ 
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silage lignocellulosic substrate, supplementation or co-digestion with complementary 
ingredients or feedstocks, etc. It will also be important to provide guidelines on AD reactor 
design specifications and operation procedures that are tailored to optimising the efficient 
(e.g. energy, labour) and safe production of biogas from a solely or predominantly grass 
silage feedstock. Finally, broader issues regarding the integration of AD for biogas and 
methane production into the fabric of individual farms or other businesses, or into groups of 
farms or businesses within a locality, or regionally/nationally, need to be considered. Aspects 
of these have been provided by Gunnarsson et al. (2008 & 2009), O’Keeffe et al. (2011a & b) 
and Smyth et al. (2010 & 2011). 
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Introduction 
Maize silage has been an important silage crop for a very long time. And in the world of 
today, of over 6 billion people and a high requirement for dairy products leading to large 
commercial dairy enterprises, maize silage is far and away the most important ensiled crop in 
most developed dairy areas. As in most aspects of life, where we want to receive all of 
whatever it is that we pay for, losses of maize silage post-harvest during ensiling are an 
economic loss to the dairy industry. Generally referred to as ‘shrink’, although seldom clearly 
defined, it is the proportion of fresh crop weight that is not recovered from the pile as 
feedable, or sometimes expressed as total, silage. Shrink can refer to wet weight (WW) 
recovery of silage or as oven dry weight (oDW) recovery. But, however you express it, shrink 
can be costly. For example, 10% WW shrink on a 15,000 tonne maize silage pile represents a 
loss of US$90,000 if WW maize silage is valued at $60/tonne WW. In addition to an 
economic loss to dairy farmers, shrink represents a loss of carbon compounds to waterways 
as weepage from the pile, or to aquifers as leachate, or to the atmosphere as gases. As such, 
silage shrink losses have attracted the attention of regulatory agencies, especially water and 
air districts in California which are tasked with reducing environmental impacts of farming as 
a way to create cleaner water and air. These regulatory efforts have in some cases resulted in 
semi-mandatory mitigations to dairy farmers to reduce silage shrink (e.g. Rule 4570 of the: 
San Joaquin Valley Unified Air Pollution Control District, 2010); mitigations (based upon 
limited data of questionable relevance to large commercial silage piles), which may or may 
not actually reduce silage shrink which itself may or may not be a problem of a magnitude 
equal to that assumed by the regulatory agencies. As with many governmentally regulated 
areas in our societies, nothing is simple. 
Nevertheless, reducing shrink is important. Shrink numbers in the commercial literature are 
commonly in the 5 to 20+% range, and numerous management strategies have been 
suggested to reduce it (e.g. Wilkinson & Davies, 2012). These include use of an inoculant at 
chopping, building silos on a concrete base, creating high pack density at silage pile building, 
use of a plastic cover, rapid covering of the mass with that plastic cover, use of an inner 
plastic film, use of an inner film with enhanced oxygen barrier characteristics, sealing the pile 
periphery with dirt or weights, minimizing exposed face at feed out, removing maximum 
depth of silage at feed out, maintaining a ‘smooth’ silage face, using moveable weight lines 
along the cut surface of the plastic, only removing as much silage as is immediately needed, 
use of mechanical defacers, use of block cutter defacers, and leaving no overnight piles of 
loose silage. Quite an extensive list – some simple and some not so simple. The common 
feature of all of them is that they will increase silage costs, while the telling feature is that it 
would take a team of 20 scientists about 10 years to investigate the efficacy of each 
individually, and about forever to investigate them concurrently. So lots of costly suggested 
mitigations of silage shrink with no guarantee that any of them are cost effective – in fact 
little evidence for many that they reduce shrink at all. Thus, in general, common silage-sense 
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and experience are the bulk of what dairy farmers have to go on. Not a great situation, 
especially when the actual extent of the base ‘problem’ that the mitigations are designed to 
address - that silage shrink is substantive economically and environmentally – has little or no 
supporting data in real world maize silage piles. 
Defining ‘shrink’  
Shrink losses of maize silage can be defined in many ways.  However the most common 
definition is the proportion of the WW fresh crop packed into a silo structure (including a 
pile) which is later placed into a TMR mixer as silage. Under this definition, spoilage which 
is removed by hand (in most cases) and disposed of by land application or feeding to heifers 
counts as shrink. However shrink as defined by air and water boards typically includes 
wastage since this material is actually recovered (and not ‘lost’). The interpretive limitation 
of WW shrink is that much of it will be water, which has no substantive economic or 
environmental impact. Thus some dairy producers and regulatory boards also measure shrink 
on an oven dry weight (oDW) basis.   
To convert WW shrink to oDW shrink it is necessary to collect many samples of fresh cut 
crop at ensiling, as well as collect many samples of the silage that is put into the TMR mixer.  
This is a time consuming chore which involves collecting and pooling many samples over the 
period of silo structure building, as well as many samples over the often long feed out period, 
in order to create pooled samples representative of the crop ensiled and of the silage fed out.  
Both of these tasks are prone to poor practices and creation of samples which are not 
representative of the fresh cut crop ensiled and/or the silage placed into the TMR mixer. 
While these issues can be dealt with by using defined sample collection protocols, a serious 
structural issue is that oDW shrink will always overestimate real DW shrink by adding 
volatile carbon compounds lost during oven drying to the shrink estimate, because drying 
fresh chopped maize crop in an oven will almost exclusively drive off water, since very few 
volatile carbon compounds are in a fresh chop maize crop, but drying maize silage in an oven 
will drive off volatile carbon compounds, most of which will actually be fed to the cows, as 
well as water. Volatile carbon compounds commonly found in maize silage include the 
volatile fatty acids (VFA) acetic, propionic and butyric, the alcohols ethanol, 1,2 propanediol 
and 2,3 butanediol, as well as a host of minor volatile carbon compounds (Weissbach & 
Strubelt, 2008). Even lactic acid, always found in maize silage, will be lost to some extent 
during oven drying – and the ‘oven volatility’ of all of these compounds differs, and also 
differs within compound in the range of normal oven drying temperatures (Porter & Murray, 
2001). As a group, potentially volatile compounds in maize silage typically make up 2 to 5% 
of the fresh weight and, depending upon their proportions in the silage, up to 60% of them 
could be lost during oven drying. Thus ‘oDW shrink’, where the DW is determined by oven 
drying, could overestimate actual DW shrink by up to 5 % units. In other words, an oDW 
shrink of 10% might only be ~5% when corrected for the volatiles lost during oven drying. 
To correct oDW shrink for volatiles lost in the drying oven (i.e. volatiles corrected oDW; 
vcoDW) it is necessary to measure concentrations of volatiles in fresh and oven dried silage, 
and then arithmetically add those volatiles lost in the oven back to oDW to create vcoDW, 
similar to a technique used by Vahlberg et al., (2013). Thus vcoDW is the most accurate 
measure of real shrink in a maize silage pile. 
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Silage sources (areas) of ‘shrink’ 
Maize silage shrink losses originate from many facets of the ensiling process such as during 
pile building after the fresh chop material is weighed but prior to plastic covering, from the 
mass while it is ensiled, from the silo ‘face’ at (or near) exposure to air, during defacing, after 
silage has been defaced but before it is moved to the TMR mixer and, finally, during 
transport to the TMR mixer – which is typically where fed out silage is measured.  
Losses during pile building 
Once the fresh chop maize crop is weighed in the trucks, small quantities of it could be lost 
on the way to the pile due to wind or by falling off the trucks. However this is unlikely to be 
substantial during the life of a silo building operation. A more likely loss of weight is 
evaporation of water) from the fresh chop material once it is placed on the pile since, 
typically, piles are built on pleasant sunny days when solar radiation levels are high. Such 
losses will impact WW shrink to a greater extent than oDW shrink since there is little 
opportunity for non-water compounds to evaporate because their levels in a freshly chopped 
maize crop are very low. Another possible source of oDW shrink is from plant respiration 
because the plants are not really dead when they are delivered to the pile. Until the plants are 
fully dead, due to creation of an acidic environment and/or heat and/or they consume the 
sugars in their biomass, they will continue to be metabolically active and, once no longer in 
the sun and photosynthesizing, they will utilize stored sugars to meet their energy 
requirements which will result in creation of CO2 which will largely be released to the 
atmosphere. Such CO2 losses would be measured as WW, oDW and vcoDW shrink since the 
carbon atoms are coming from metabolized sugars. Unlike water losses, carbon losses as  
CO2 impact the total nutritional value of the silage pile, but would have no air quality impact 
in most regulated air districts at this time (i.e. CO2 is a greenhouse gas (GHG), but not a 
volatile carbon compound which impacts air quality).   
Losses from the silage mass  
Once fresh chop maize crop is packed and covered, it goes through fermentation starting with 
aerobic bacteria (which create heat) and finishes with anaerobic bacteria, which create the 
alcohols and acids, primarily lactic, acetic and propionic, which drives down the pH to create 
a ‘stable’ silage mass. This silage mass, if protected from oxygen penetration, should be 
unchanging for prolonged periods of time. However, it is likely that due to the long period of 
ensiling, >12 mo in some cases, and low level penetration of oxygen through and around the 
plastic cover (as well as into the face once it is exposed) that some losses of gases, and 
vaporized water, could occur. Indeed, as most silage piles have the plastic peeled back up to 2 
m from the exposed face, evaporative losses of water and volatilization of carbon based 
compounds (i.e. the surface dries out) could occur from exposed silage. If this exposed silage 
is rained on, losses could turn into weight gains, but only as WW. A silage weight loss which 
could be negligible or substantive is weepage and leaching of low DW fluid from the silage 
mass. The extent of this loss will be impacted by the moisture content of the fresh cut crop as 
well as its pack density which are positively correlated (i.e. it is hard to obtain high pack 
density of a low moisture crop no matter how much packing pressure is applied).  
Losses from the silage ‘face’ at (or near) its exposure to air 
This is an area of interest from regulatory agencies as it seems intuitive that silage weight 
losses occur from silo faces once exposed to air. Such losses would be water, but there must 
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be losses of alcohols and VFA since they are easily detected by simply smelling a freshly 
exposed maize silage face. Losses would likely be impacted by the orientation of the exposed 
face (south faces in the northern hemisphere having higher losses than north faces due to sun 
exposure), temperature and humidity during face exposure (higher temperatures associated 
with higher losses), smoothness of exposed faces (‘rough’ surfaces creating more surface area 
to emit volatiles than smooth), wind (higher wind speeds leading to higher losses) and 
exposure time of the face (emissions/unit area declining with time of exposure).  
Losses from silage during defacing 
In all silage face removal systems, there are likely to be losses of water and volatiles as the 
silage collapses into a pile after defacing. Such losses would likely be impacted by the 
violence of the defacing process. For example, mechanical rotating defacers are relatively 
violent, front end loader buckets intermediate and block cutters relatively benignly violent 
removal methods. A greater extent of silage disturbance during defacing could increase 
immediate losses of volatiles and water, as well as create the potential for higher losses of 
volatiles and water while it is in the ‘drop down pile’ awaiting transport to the TMR mixer. 
Losses from silage after defacing 
In all systems where silage is left on the ground for a period of time between defacing and 
placement in a TMR mixer (i.e. in a ‘drop-down pile’), there are likely to be losses of water 
and volatiles as the silage waits for removal and loading into a TMR mixer. Such losses 
would likely be impacted by the length of the delay between defacing and placement in the 
TMR mixer (for example overnight delays might be expected to maximize losses), the size of 
the drop-down pile (larger piles emitting less per unit weight) as well as the environmental 
conditions during that wait, as were discussed earlier for losses from the face.   
Losses of silage during transport to the TMR mixer 
Such losses include silage which is never picked up from the ground or falls off the load 
while it is being transported to the TMR mixer. However it could also result in a weight gain 
for silage piles on dirt bases if some of that dirt is picked up with the silage. In total, these 
losses are unlikely to be substantial.   
 
Overall, there are a number or areas of the ensiling process where silage weight, as fresh or 
dry material, can be lost (or gained in a few cases) between when fresh crop is weighed into 
the pile until silage is weighed into a TMR mixer. But we had questions. The first addressed 
the issue of extent of maize silage shrink as WW, oDW and vcoDW, because that quantities 
the extent of the silage shrink ‘problem’ from the perspective of dairy farm economics and 
potential impacts on air and water quality. The second questions addressed the issue of where 
in the entire process (as outlined above) shrink is occurring because that suggests where 
mitigations should be focused to reduce it. Finally, the third questions addressed the issue of 
which ensiling practices and characteristics exacerbate or mitigate shrink, and where that 
mitigation occurs in the ensiling process, because that suggests which mitigations would 
likely be most efficacious in terms of reducing shrink. 
First questions: measuring total silage ‘shrink’ losses  
Silage piles can be very large – 15,000 tonne piles are not uncommon – and can be fed out 
over periods > 12 mo. This makes measuring shrink a challenging task, and identification of 
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where shrink occurs even more challenging. While it is not difficult to measure shrink in 
mini- or model silos of a few kg to a few hundred kg, it is unlikely that such models can be 
expected to fully represent a 1,000+ tonne silage pile. Total shrink losses in commercial 
silage piles can be measured by recording the total WW of fresh cut maize crop delivered to a 
silage pile at building relative to the amount of WW maize silage measured as placed into the 
TMR mixer at feed out. We used 7 maize silage piles (2 wedge/rollover, 1 bunker, 4 wedge) 
ranging in size from 950 to 12,204 tonnes (as built), on concrete (4), dirt (2) and a 
combination base (1), on 4 dairy farms, in 2 areas of the San Joaquin Valley of California 
(USA), all covered within 48 h by professional crews with an oxygen barrier inner film and 
black/white outer plastic weighted with tire chains and fed out by professional crews using a 
silage tracking system, and all from the 2013 crop year. On these 7 piles, average WW shrink 
losses (i.e. where silage recovered, but not fed, is not classified as shrink) were 9.0 ± 1.69%, 
a number within the range suggested by many persons working on silage issues. 
Conversion of WW to oDW losses occurs by creating pooled samples of the incoming fresh 
cut maize crop and fed out maize silage, which are both oven dried at 55°C. These pooled 
samples are then assayed in both their ‘as sampled’ and ‘oven dried’ forms, and then 
arithmetically adding back to recovered oDW the amount of volatile compounds lost during 
oven drying. Using this approach, oDW losses were 6.8 ± 1.82% (similar to values of Kohler 
et al., measured in German maize bunker silos) and vcoDW losses were 2.8 ± 2.08%, 
confirming that a lot of measured WW shrink is really water, and some of what is measured 
as oDW shrink is actually volatile compounds driven off in the drying oven. 
Second questions: measuring where silage ‘shrink’ losses occur 
While it is critical to know shrink losses for silage piles, as this effects environmental impacts 
and farm economics, it is as interesting to know where in the silage creation and feed out 
process, those losses occur since this suggests where mitigation efforts should be directed. 
Losses from the silage mass  
If protected from oxygen, the silage mass should be relatively unchanging for prolonged 
periods of time. However losses could occur as gases or liquids during this period. The extent 
of this loss was measured by burying Nylon mesh bags of fresh crop in the pile at filling and 
recovering them from the face at silage removal (Figure 1). We utilized a grid of 14 bags 
(Figure 2) in each of 4 of the maize silage piles. Data from the bags suggests that the WW, 
oDW and vcoDW losses from the mass were 3.9 ± 2.40, 7.2 ± 1.12 and 3.5 ± 1.27%, 
respectively. As with total pile shrink losses, as noted above, a lot of what is measured as 
oDW shrink actually contains a lot of volatile compounds driven off in the drying oven, and 
not actually lost from the pile. 
Losses from the silage ‘face’ at (or near) its exposure to air 
This is an area of interest to regulatory agencies as it seems intuitive that losses of silage will 
occur as volatile compounds and water are lost from silo faces once they are exposed to air. 
The extent of this loss was measured by coring each silage pile on two occasions in a 4 core 
grid (Figure 3), to 50.8 cm of depth from a freshly exposed face (new face) and from a face 
exposed for ~20 h (old face) at ~1.5 m above grade. WW, oDW and vcoDW losses from the 
face were 1.3 ± 1.16, -0.6 ± 1.55 and 0.1 ± 1.40% respectively.  Although these values are 
low, they confirm suggestions that most weight loss from the face is water. 
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Figure 1 Buried bags prior to burying and after recovery. 
 
 
Figure 2 The 14-buried bag grid. 
  
 
 
Figure 3 The 4-location lace coring grid (samples cored to 50 cm depth 1.5 m above grade). 
 
Losses from Silage During and After Defacing 
In all silage face removal systems there are likely to be losses of water and volatiles as the 
silage collapses into a pile after defacing. The extent of this loss was estimated by comparing 
the composition of the silage in the ‘old face’ with the composition of the silage in the drop 
down pile that was loaded into the TMR mixer. These WW, oDW and vcoDW losses from 
the drop down piles were 0.9 ± 0.54, -0.6 ± 2.27 and -1.5 ± 2.17% respectively. 
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Other Losses  
Such losses include fresh chop crop which is weighed but never makes it to the pile, 
evaporative losses from the pile surface during building, continued plant respiration in the 
pile as CO2, weepage and seepage, and silage which is never picked up from the ground or 
falls off the loader in transport to the TMR mixer.     
 
Figure 4 Losses of wet weight (WW), oven dry weight (oDW) and volatile corrected dry weight (vcoDW) from 
the seven maize silage piles. 
 
In general, shrink losses were highest when measured as WW, intermediate as oDW and 
lowest as vcoDW losses, were measureable from most phases of ensiling, and occurred at 
relatively low levels. However percentage losses from the face are quantitatively far from the 
most important shrink losses, which are summarized in Figure 4 above. 
Third questions: factors impacting silage ‘shrink’ losses  
As already discussed, there are numerous factors which could impact total shrink losses from 
maize silage piles. In fact many of these factors can be controlled (i.e. they are chosen) by the 
farmer, at least to some degree. For example, pile orientation (S, N, E, W) and its base (dirt or 
concrete), use of a thin underlay film with or without enhanced oxygen barrier characteristics, 
chop length of the crop, use rate (i.e. cm/d) of the pile and face management can be virtually 
fully controlled. However factors such as the moisture level of the crop, pack density and 
environmental conditions during feedout can only be partially controlled (or anticipated) by 
the operator. 
With only 7 silage piles, where each pile differed from all other piles in many ways, while 
being the same in many ways, it was difficult to assess the efficacy of individual mitigations.  
For example, as all piles had an oxygen barrier underlay, were harvested and packed by 
professional crews, were rapidly covered (within 48 h) with an inner oxygen barrier film and 
black/white outer plastic, were weighted with tire chains, and were opened and fed out by 
professional crews, none of these ensiling practices can be evaluated. However, some 
practices can, although the data requires care in interpretation.   
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Shrink losses as affected by silage density 
This is an area of interest to regulatory agencies as it seems intuitive that losses of silage 
weight would be reduced if the silage was packed more densely. However in our maize silage 
piles there was no apparent relationship of bulk density and shrink. 
Shrink losses as affected by speed of face use, ‘smoothness’ of the face and face orientation 
Speed of face use is an area of interest from regulatory agencies as it also seems intuitive that 
losses of silage weight would be reduced if the silage was fed out more quickly. However in 
our piles there was no apparent relationship between the speed of feed out and shrink, 
possibly because speed of feed out was relatively fast and face losses were very low overall. 
‘Smoothness ‘ of the exposed face is also an area of interest to regulatory agencies as it seems 
sensible that losses of silage would be lower if silage faces were ‘smooth’ at the end of the 
day. To assess this possibility, faces were scored subjectively on a scale of 1 (really rough) to 
5 (really smooth). In our piles, there was no relationship of face ‘smoothness’ and shrink. 
Face orientation is a practice which could, at least theoretically, be changed on-farm – 
certainly long term. However we found no relationship of face orientation and shrink. 
Shrink losses and pile base and pile size 
Pile base (i.e. concrete vs. dirt) is a practice which could be changed on-farm. Although it 
seems sensible that a concrete base would reduce leaching losses, there was no relationship of 
pile base and shrink in our piles. 
Pile size is also a practice which could easily be changed on-farm. However there was no 
clear relationship of pile size and shrink. 
Shrink Losses and Age of the pile at Feedout 
The age of a silage structure at feedout is not entirely within the control of dairy producers, 
but it is clear that pile age during feedout increased shrink losses (Table 1), although this 
relationship was much stronger, and quantitatively most important, for WW losses, seemingly 
suggesting, again, that the bulk of WW shrink losses are water.   
 
Table 1 Relationships between wet weight (WW), oven dry weight (oDW) and volatile corrected oDW 
(vcoDW) shrink and age of the pile at feedout 
 
Intercept Slope R2 
 (% loss) (% loss/month)   
WW -0.28 1.09 0.78 
oDW 1.54 0.61 0.21 
vcoDW -3.82 0.78 0.25 
 
Shrink losses and chemical composition of the fresh chop maize crop 
The fresh chop maize was analyzed for its moisture content (i.e. oDW) as well as the level of 
neutral and acid detergent fiber, ash, fat and crude protein in the oDW. There were no 
meaningful relationships (i.e., r2 <0.15) of these components to any shrink measure.   
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A failure to identify mitigations or practices associated with reduced silage shrink is 
discouraging as it could be interpreted to suggest that silage shrink is random. This is unlikely 
to be the case. The more likely explanation is that only 7 piles is too small a data set to 
examine practices associated with shrink, especially when the number of defined practices 
that differed among piles, and might be expected to impact shrink losses, is more than the 
number of piles examined. Thus the possibility of inter-correlations is high, which could lead 
to concluding that a mitigation is efficacious when it is not because it is related to a 
mitigation that is effective. 
Another reason for the failure to identify practices that reduce silage shrink may simply be a 
combination of the variability in the methods which were deployed to examine shrink in large 
commercial silage structures combined with the relatively small shrink values, especially 
vcoDW shrink, compared to expectations at the start of the study. With total shrink in the 3 to 
8% range, it would likely have required at least 20 piles to create meaningful relationships of 
silage shrink and practices/mitigations that may have impacted it.  There are clearly limits to 
what can be done in a study such as this where the piles, albeit carefully selected to be 
representative and well managed, exhibit a host of differences in the factors that may impact 
silage shrink and, perhaps critically, very low levels of shrink no matter how it is expressed.   
Conclusions 
The extent of silage shrink has been overestimated in large well managed commercial maize 
silage piles, likely due to incorrect assumptions and inappropriate research models to measure 
it. However, the most important reason may have been due to the failure to measure real 
shrink (i.e. vcoDW) in favour of WW shrink (which is exaggerated due to losses of water) or 
oDW shrink (which is exaggerated by losses of volatile compounds during oven drying).  
When the correct measure of shrink is used (i.e. vcoDW), it was <3% in our commercial 
maize silage piles. Within the context of these low overall vcoDW losses, losses from the 
face and after defacing were trivial contributors to shrink in contrast to losses while the silage 
was in the mass prior to face exposure. While the number of silage piles used were too small 
(relative to the number of definable differences between them) to allow examination of many 
practices commonly used to minimize shrink (and because many piles had similar 
characteristics by design), the commonly suggested mitigations of increasing bulk density, 
increasing face feedout rate and maintaining a ‘smooth’ face had no discernable impact on 
total shrink losses, probably because these mitigations are all designed to reduce losses from 
the exposed face which was a trivial contributor to overall shrink. Only the average silage 
pile age at feedout impacted shrink, with older silos having higher shrink, but mainly in the 
form of WW.  
While maize silage shrink exists, and can be costly to dairy producers and impactful to air 
and water quality, its extent in large well managed maize silage piles can be low and the 
ability to mitigate it seems, unfortunately, to be very low due to our inability to find support 
for several commonly accepted mitigations.  Nevertheless, dairy producers should continue to 
use good silage practices (i.e. common silage sense) in creating maize silage structures, but 
recognize that shrink is only likely to become excessive under extreme conditions. 
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Introduction 
Grass silage is an important ruminant feedstuff in dairy farms. Many factors, for example, the 
herbage dry matter concentration, the ensiling system and the herbage compaction are known 
to influence the ensiling process. One of the main factors that affects the silage quality, is the 
rapid removal of air from the forage mass and preventing the infiltration of air during silage 
storage and subsequent application (Woolford, 1990). At anaerobic conditions, mainly lactic 
acid bacteria ferment the water soluble carbohydrates to lactic acid and in minor amounts also 
to acetic acid. In response to ongoing fermentation, pH of the ensiled material decreases and 
aerobic spoilage organisms are inhibited. As silage is exposed to air, aerobic spoilage occurs, 
heating the silage, due to degradation of the lactic acid. An increasing pH allows 
opportunistic bacteria and molds to grow which reduces the silage quality (McDonald et al., 
1991). 
Aerobic spoilage is a known problem, however, the microbial assemblages, supporting 
aerobic spoilage, remains uncertain. Hence, the aim of the study was to unravel the microbial 
community dynamics during the silage fermentation using a cultivation-independent 
molecular fingerprint technique, the terminal restriction fragment length polymorphism 
(TRFLP). In particular the effect of herbage compaction on the bacterial community in the 
silage and resulting aerobic stability was investigated. 
Materials and Methods 
Perennial ryegrass was harvested and wilted in the field for 24 h. After wilting, the crop was 
chopped by a field chopper to pieces of approximately 12 mm average length. Prior to 
ensiling, replicated samples of the plant material were analysed for chemical and molecular 
characterization and dry matter (DM) content of the crop was determined. 
Silages were made at two compaction levels in 1.5-L laboratory scale jars (DLG, 2000). The 
compaction level was achieved with a compression of 0.14 kg DM L-1 (high density) and 
simulated ideal herbage compression with low amounts of residual air. Insufficient 
compaction was achieved by filling the jars at two-thirds with herbage (low density). The low 
density variants were ensiled in glass jars with a small hole (6 mm diameter) in the lid and in 
the bottom of the jar, enabling access of air. After filling, all laboratory silos were sealed 
airtight and stored at a constant temperature of 21°C prior to sampling. To intensify the effect 
of air in the low density variants, the rubber stoppers in the jar and lid were removed after 28 
and 42 days and replaced after 24 hours with new sterile ones.  
The grass was ensiled in three replicates (i.e. jars) for each ensiling time (3, 10 and 49 days; 
only data of 49 days were shown) and in two compaction variants. After 49 days the silages 
were used for the aerobic stability test (ASTA) about 2, 4 and 7 days. A total of 36 samples 
were examined. Silages were analyzed after 49 days, to determine storage losses, chemical 
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composition and for molecular characterization of the bacterial community. To determine 
aerobic stability, an aerobic stability test (ASTA) was conducted according to the method 
published by Honig (1990). After 49 days ensilage time, the material was placed in 
permeable plastic buckets and kept in a closed climate chamber at 21°C ambient temperature. 
The temperature of each silage was measured every hour by a data logger placed in the center 
of the sample. Three replicates of silages were taken after 2, 4 and 7 days of aerobic storage 
for molecular and chemical analyses. Aerobic stability was defined as the number of hours, 
until silage temperature increased 3ºC above ambient temperature.  
The dry matter content of forage and silages were determined by drying the material at 105°C 
to constant weight. DM values of silages were corrected, regarding the content of volatile 
components, as described by Weißbach & Kuhla (1995). The pH, water soluble 
carbohydrates (WSC), crude protein and fermentation products (acetic acid, butyric acid, 
lactic acid, propionic acid, ethanol, 1,2 propanol, 2,3 butanediol) were determined. Analyses 
were carried out primarily according to VDLUFA (1997). Determination of fermentation 
products were performed by modified methods according to Block and Weißbach (1982).  
To investigate the structure and dynamic of the bacterial community, three replicate samples 
of the forage crop, prior to ensiling (day 0), after 49 days ensiling time and during aerobic 
storage about 2, 4 and 7 days were analyzed using the terminal restriction fragment 
polymorphism (TRFLP) and complementary clone libraries of the 16S rRNA gene. 
Accordingly, total DNA was extracted from grass and silages using a commercial DNA 
isolation kit (PowerSoil® DNA Isolation Kit, MO BIO Laboratories, Inc.). The bacterial 16S 
rRNA gene was amplified by polymerase chain reaction (PCR) and the amplicons were 
digested with two restriction enzymes (Hin6I, RsaI). After electrophoretic separation, 
fluorescence detection and analysis of the terminal restriction fragments (TRFs) a profile of 
the bacterial community was obtained. For identification and taxonomic assignment of TRFs, 
corresponding 16S rRNA gene libraries were constructed and analyzed as published by 
Rademacher et al. (2012). 
Mean values and standard deviations were calculated from three replicate samples of high 
density and low density variants, at five time points (0, 49 days ensilage time and 2, 4, 7 days 
ASTA) for DM, WSC, pH and fermentation products. Only fermentation products with 
significant changes are presented below. Bacterial community profiles were analyzed as 
described above. The similarity of TRFLP profiles for each silage compaction and time point 
was examined with the Bray-Curtis index as measure of similarity, using the software Past 
(version 3.04, Hammer et al., 2001). For the stacked column chart, the mean overall 
abundance of each TRF was calculated and TRFs were ranked according to abundance. The 
ranking was used to include only TRFs with relative abundance about 1% for visualization in 
the column chart (Figure 1b). 
Results and Discussion 
The chemical composition of the wilted grass, indicate a grass material that is difficult to 
ensile. A low dry matter content of 21%, buffering capacity (144.6 g lactic acid kg-1 DM), 
water soluble carbohydrate concentration (67.2 g kg-1 DM) and ash (187 g kg-1 DM) were 
determined in the starting material. Nonetheless, a good silage quality and aerobic stability up 
to two days after ensiling was reached in all laboratory silages, also in the low density 
variant. 
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Figure 1 (a) Effects of herbage compaction on fermentation products and water soluble carbohydrate 
concentration. (b) Bacterial community profiles of grass silage during ensiling and subsequent aerobic stability 
test (ASTA) determined by TRFLP analysis. (c) Detected TRFs phylogenetically assigned based on 16S rRNA 
gene sequence libraries. 
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TRFLP analysis of the 16S rRNA gene reveals the dynamics of the microbial community 
structure during the fermentation process in relation to herbage compaction and under aerobic 
stress conditions. The bacterial community in the grass prior to ensiling (Day 0, Figure 1), 
was dominated by eight TRFs with highest abundances of TRF 598 (65.7%), TRF 204 
(10.1%), TRF 209 (5.6%) and TRF 251 (3.4%). After 49 days of ensiling, this initial 
community was completely replaced by a pure Lactobacillus community dominated by TRF 
609, TRF 599 and TRF 601.  
The aerobic stability test was started with 49-d old silages containing very similar community 
structures in both compaction variants (as indicated by a Bray-Curtis similarity of 78%). Also 
after two days of aerobic storage, the community structure of the two compaction variants 
were nearly similar (Bray-Curtis index = 79%). In contrast, seven days after opening, only 
traces of the anaerobic community were determined in the insufficiently compacted silages 
(Bray-Curtis index = 2%). 
An increase in temperature was solely observed in the low density variant and, for the first 
time, after two and a half days of aerobic exposure. This was associated with an intensive 
community shift, detected after four days of aerobic exposure. The Lactobacillus community 
was completely displaced by TRF 234, TRF 235, TRF 236, TRF 241 and TRF 264 that were 
determined as community with species of the genus Bacillus, Paenibacillus and Pediococcus. 
The fast spoilage process of the insufficiently compacted variant was also characterized by 
decreased lactic acid and acetic acid concentrations, high losses of water soluble 
carbohydrates and increased pH values (from pH 4.1 to pH 8.8 after seven days aerobic 
storage). 
Surprisingly, the Lactobacillus community in the high density compaction silages remained 
stable at aerobic storage conditions up to seven days. The Bray-Curtis index showed a high 
similarity of 76% of the microbial community after seven days aerobic exposure in 
comparison to the 49-day silages. The Lactobacillus community seemed to proliferate under 
aerobic stress, as indicated by an increase of TRF 609 (Lactobacillus buchneri) from 28.1% 
relative abundance after 49 days to 40.3% after seven days of ASTA. At the same time, the 
lactic acid content increased (Figure 1a). In detail, TRF 599 increased within the first two 
days but decreases with continued aerobic exposure. Similar development was also observed 
for TRF 601. Presence of TRF 263 (7.2%), TRF 272 (6.2%) and TRF 264 (2.7%) completely 
disappeared after two days of aerobic storage. 
The proliferating species Lactobacillus buchneri (TRF 609) is known as a microbial additive 
to improve aerobic stability in silages, as reviewed by Holzer et al., (2003). Furthermore, the 
findings reveal that no TRFs of the wilted grass material or at early stages of ensiling were 
present during the aerobic storage phase. 
Conclusions 
The naturally occurring microorganisms on the crop material underwent intensive structural 
changes during ensiling. In this study, an insufficient compaction and air infiltration resulted 
in a silage microorganism community with a lower stability under aerobic conditions. 
Furthermore, this study revealed that the bacterial community of the grass before ensiling 
differs completely from the community in the silage and in the aerobic spoilage process. 
Further work is necessary to elucidate the origin of the aerobic spoilage microorganisms and 
to clarify the relevance of the initial microbial population of the crop on the ensiling process.  
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Introduction 
Barley is rich in starch and is an efficient dietary energy source in dairy and beef farming. It 
also has considerable amount of proteins and when compared to wheat and corn, it is usually 
cheaper, hence cost efficient. However, the whole barley kernel has a thick fibrous outer 
covering (hull) which offers resistance to digestion in the rumen and making it largely 
indigestible (Beauchemin et al., 1994). Also, 80 to 90% of barley starch is degraded in rumen 
(Nocek & Tamminga, 1991) increasing the risk of sub acute ruminal acidosis (SARA) 
(Krause & Oetzel, 2006) which often reduces feed intake in cattle (Allen, 2000). Therefore, 
there is a need of optimum processing of barley grains to achieve maximum benefit of its 
nutritive qualities. Particle size reduction of grains is an important process with respect to 
nutritional and physical quality of feed. Grinding and dry rolling are the two most commonly 
used processing methods to reduce particle size. Either type of processing method can 
produce a satisfactory particle size for ruminants. However, extent of reducing particle size is 
usually higher for grinding than dry rolling giving different patterns of particle size 
distribution along with differences in energy consumption (Koch, 1996). Pelleting, a more 
intensive method of processing, involves addition of steam and particle size reduction by 
grinding ability in the press. The heat added during the process of pelleting, also affects the 
digestibility of the different nutrients and the pellet quality. The aim of current study was to 
figure out how grinding and pelleting influence particle size distribution, energy consumption 
and pellet quality when processing barley to ruminants 
Materials and Methodology 
Processing of diets 
In total, 12 pure barley feed samples were produced at ForTek (NMBU) with hammer milling 
(HM) and roller milling (RM) followed by pelleting. The HM samples were produced using 
screen sizes of 2, 4 and 6 mm with a hammer mill (Muench E-22115 TF, Wuppertal, 
Germany). Samples of the mash were taken for analysis and then the HM material was 
pelleted to 5 mm diameter in a pellet press (RPM 350.100, Munch-Edelsthal,Wuppertal, 
Germany). The RM samples were produced on a DT900-12, CPM roller mill (Roskamp, 
USA) using roller gap distances of 0.25, 0.75 and 1.5 mm. Samples of the mash were taken 
and then the material was pelleted as for the HM material. In both milling treatments, 
pelleting was done at as similar conditions as possible. Conditioning temperature was 75◦C 
and the capacity 1000 kg per hour. Specific energy consumption, both at milling and 
pelleting, was recorded as kWh consumption per ton of feed processed. 
Analysis of particle size distribution and pellet quality 
Particle size distribution of mash was measured by both dry and wet sieving on a Retsch 
AS200 sieving machine (Retsch GmbH & Co., Haan, Germany) while particle size 
distribution of the pelleted feeds were determined by the wet sieving method only. In both 
dry and wet sieving, screen sizes were, 2.8, 2.0, 1.6, 1.0, 0.6 and 0.2 mm. In dry sieving,  
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100 g material was placed at the top screen and sieved for 3 min using a frequency of 50 Hz 
and amplitude of 1.5 mm. Particles, smaller than 0.2 mm, were collected in a bottom pan. In 
the wet sieving method, 100 g feed samples (both mash and pellets) were soaked in water for 
2 hours prior to sieving so that all pellets were completely dissociated. Thereafter, the 
dissolved material was transferred to the top sieve. Then, the material was sieved with 
flowing water (about 3 l/min) applied to the top sieve for 10 minutes. As for dry sieving, the 
frequency was 50 Hz and the amplitude 1.5 mm. Instead of a bottom pan, excess water was 
discharged through a outlet. All sieves with remaining feed material were placed in an oven 
at 103◦C overnight. The particle size distribution was then calculated by measuring the 
material left on each sieve. In wet sieving, particles smaller than 0.2 mm is calculated as the 
difference between applied dry matter of material and accumulated material on the six 
screens. The mean particle size distribution was determined by ASAE Method S319.4 
(ASAE, 2008). The pellet quality was determined by Holmen Tester, NHP 200 (TekPro Ltd., 
UK). In this method, 100 g pellet, free of fines, were circulated by air flow for 60 seconds. 
The pellet quality was then calculated as the proportion of pellet remaining on screen No. 5 
and was presented as pellet durability index (PDI).  
Results 
There was an increase in particle sizes with increasing hammer mill screen size and gap 
between the rolls in the mill as shown in Fig 1. Mean particle sizes for the hammer mill with 
screen sizes 2, 4, 6 mm were 504, 820, 985 µm respectively and for the roller mill with gap 
distance between rolls 0.25, 0.75, 1.5 mm, they were 1069, 1552, 2199 µm, respectively. The 
hammer mill produced more fine particles then roller mill. Wet sieving analysis yielded more 
fine particles in case of both hammer and roller mill, especially with small screen sizes in the 
hammer mill and smaller gap distance between rolls in the roller mill (Fig 2).  
Wet sieving showed more fine particles for RM 0.25 mm as compared to HM 2 mm although 
in case of dry sieving analysis, proportions of fines were considerably higher for HM 2 mm 
than for RM 0.25 mm. Also, the curves for hammer mill were steeper than roller mill in case 
of dry sieving (Fig 1) where as wet sieving analysis showed less steep curves (Fig 2).  
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Fig 1. Cumulative particle size distribution in 
hammer mill and roller mill by dry sieving analysis. 
HM= hammer mill, RM= roller mill 
Fig 2. Cumulative particle size distribution in 
hammer mill and roller mill by wet sieving analysis. 
HM= hammer mill, RM= roller mill 
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Pelleting reduced mean particle size to 247, 411, 568, 364, 540 and 827 µm for HM 2, 4 and 
6 mm and RM 0.25, 0.75 and 1.5 mm ground feeds, respectively (Fig. 3). It also decreased 
the differences in particles size between hammer and roller milling, making the curves less 
steep.   
The processing data for pelleting 
along with energy consumption 
milling are shown in Table, 1. 
Specific energy consumption for 
milling decreased with increasing 
screen size in the hammer mill and 
with gap distance in the roller mill. 
However, overall energy 
consumption was higher for the 
roller mill, as compared to the 
hammer mill. 
 
 
Table, 1.  Processing data for pelleting and energy consumed in the milling process  
       Hammer Mill                    Roller Mill   
Processing data 2 mm  4 mm  6 mm        0.25 mm  0.75 mm  1.5 mm  
Bulk density kg/l 0.56 0.52 0.48 0.41 0.39 0.44 
Capacity,  kg/h 1000 1000 1000 1000 1000 1000 
Conditioning temperature, ºC 75 75 75 75 75 75 
Specific energy consumption (kWh/t)  15.7 15.3 14.6 16.6 15.7 15.1 
for milling       
Specific energy consumption (kWh/t)  19.9 19 18.7 19.6 20.8 21.1 
for pelleting         
Total specific energy consumption  35.6 34.3 33.3 36.2 36.5 36.2 
(kWh/t)   
PDIa (%) 94.05 86.98 81.26 90.27 77.99 60.97  
 
a Pellet durability index  
Similarly, pelleting of hammer mill feeds consumed less energy than roller mill feeds. Feeds 
ground on the roller mill with 0.75 and 1.5 mm gap distance between the rolls, consumed 
more energy during pelleting than the rest. Overall pellet durability values were higher for 
hammer milled feeds as compared to roller milled and the roller mill 1.5 mm ground feed 
gave the lowest PDI value.  
Discussion 
In the present study, lower values of mean particle size were found for the hammer mill as 
compared to the roller mill (Fig. 1), which is in accordance with previous studies (Koch, 
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Fig 3. Cumulative particle size distribution after 
pelleting by hammer mill and roller mill (wet sieving 
analysis). HM= hammer mill, RM= roller mill 
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1996; Waldroup, 1997; Boyles et al., 2001). Impact is the primary force used in hammer 
mills to reduce particle size, while in roller mills, particle size reduction is accomplished by a 
combinations of forces (compression and shearing) and design features of the rolls (Koch, 
1996). Designing of rolls affect particle size distribution as well as the geometry of the 
particles, however, this was fixed in the current experiment. In hammer milling, fine particle 
are produced by the transfer of energy from high-speed rotation hammer tips (high kinetic 
energy) to slow moving grains (low kinetic energy). The process is aided by a fluidized bed 
of material swept along the face of the screen by the hammers (Koch 1996; Anderson, 1994). 
Thus, the speed of the hammers and the screen size determine particle size in a hammer mill. 
In roller mills, particle size is determined by distance between the rolls and number of pairs 
of rolls, together with uniform and constant supply of material. The roller mill produced a 
more uniform particle size distribution, gave fewer fines than hammer mill (Fig. 1) which is 
in agreement with the previous studies (Koch, 1996; Waldroup, 1997; Boyles et al., 2001). 
But, with respect to mean particle sizes, the roller mill consumed relatively more energy than 
the hammer mill (Table 1). This contradiction might be caused by the properties of the 
material being ground, as the roller mill has little effect on the fiber fraction (Koch, 1996). 
A reduced particle size by pelleting (Fig. 3) is in accordance with previous studies (Svihus et 
al., 2004b). The reduction in particle size is due to the grinding action of the rolls in the pellet 
press. The effect of grinding is higher on coarse than on fine particles (Svihus et al., 2004b) 
and this can be seen as a difference in mean particle sizes before and after pelleting. Thus, in 
practice, pelleting evens out differences in particle distribution both between and within 
hammer and roller milling, resulting in an increased homogeneity (Fig. 3). As expected, the 
pellet durability index (PDI) values were higher for finer grinding (Table 1) and hammer 
milling gave more durable pellet than roller milling. A probable explanation is that fine 
grinding increases water absorption capacity of feed particles (Hemmingsen et al., 2008), 
aiding gelatinization and making starch stickier. In addition, compression of feed material 
becomes easier with small particles, improving pellet durability. Since, the roller mill has less 
effect on fiber particle size (Koch, 1996), large fibers might have induced a weak spot in the 
pellet due to their stiffness and elasticity (Thomas et al., 1998). In accordance, Zimonja et al., 
(2008) reported higher pellet durability with inclusion of fine fibers than without fibers but 
inclusion of coarse fibers affected pellet quality negatively. Usually, small particles offer less 
resistance while passing through the pellet die than coarse particles. Lower consumption of 
energy when pelleting hammer milled, compared to roller milled material, confirm this 
(Table 1). Also, large fiber particles produced by roller milling have higher coefficient of 
friction and low treatability by pressing (Thomas et al., 1998; Kulig, 2007), increasing energy 
consumption. However, lower energy consumption for the pelleting of coarse hammer milled 
feeds contradicts above explanation. This may be due to two reasons; firstly, a higher water 
absorption capacity by fine particles (Hemmingsen et al., 2008) and secondly, a slow 
absorption of water by insoluble fibers. So, under the same conditioning, more water could be 
available for lubrication during pelleting by coarse fiber particles, consuming less energy. 
However, Zimonja et al., (2008) found similar values of energy consumption for fine and 
coarse fibrous material.  
Conclusion 
Roller milling produced a more uniform particle size distribution with fewer fines than the 
hammer milling of barley. However, hammer milling gave more durable pellets with less 
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energy consumption than roller milling. Pelleting increased homogeneity by modifying 
differences in particle size distribution both between and within hammer and roller milling 
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Introduction 
Ensiling results of different forage types usually differ. For instance, legume silages usually 
contain more acetic acid, butyric acid and ammonia-N and are aerobically more stable than 
maize silages (Muck & O’Kiely, 1992; O’Kiely & Muck, 1992; Wilkinson & Davies, 2013). 
However, as to what extent these differences are related to chemical or microbial composition 
is yet unknown. In recent work by Mogodiniyai Kasmaei et al. (2015), a new ensiling 
methodology was introduced that enables sterilization of forages and inoculation with 
original microfloras. In the present experiment, we have further utilized this methodology to 
separate the confounding effects of microbial and chemical composition on silage 
fermentation and aerobic stability.  
Materials and Methods  
Samples used were one second-cut of a mixed timothy (Phleum pratense)-meadow fescue 
(Festuca pratensis) sward harvested at early maturity (grass), one second-cut red clover 
(Trifolium pratense) (clover) at late flowering and one whole-crop maize (Zea mays) (maize) 
at early dent. Perennial forage samples were collected from fields around Uppsala, Sweden 
(59°51′N, 17°37′E) and maize sample was collected from southern Sweden (55°41′N, 
14°10′E). Samples were collected in the autumn of 2013. The perennial forage samples were 
chopped to a length of 3-5 cm by a stationary chopper and the maize sample was chopped by 
a precision chopper before being frozen at -20°C.   
Sampling procedure 
An amount of 3 kg of frozen samples was divided into two replicates which were thawed at 
room temperature before sampling of 150 g for microbial isolation and 500 g for drying at 
60°C in a forced draught oven for 18 h. 
Sterilization 
The dried samples were milled on a hammer mill to pass a 1-mm screen before weighing 130 
g in glass beakers. Samples covered loosely with aluminium foil were sterilized by the 
heating procedure described by Mogodiniyai Kasmaei et al. (2015), i.e. heating at 60°C for 3 
h followed by heating at 103°C for 15 h in a forced draught oven. Thereafter, samples were 
tightly sealed with aluminium foil and were transferred into a desiccator to reach the room 
temperature.  
Microbial isolation procedure 
A volume of 900 mL of 0.25-strength Ringer solution fortified with Tween®80 (Merck 
KGaA, Darmstadt, Germany) at 0.5 mL/L (O’Brien et al., 2007) was added to 150-g samples. 
The suspensions were kept on a bench for 30 min before being pummelled for 2 min in a 
laboratory stomacher (Seward 3500, Seward Ltd, Worthing, UK). Thereafter, an amount of 
750 mL of the microbial solution, accounting for 75% of the total volume of Ringer solution 
and sample water, was centrifuged at 15,500 g for 90 min. The supernatant was discarded and 
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the pellet was re-suspended in 15 mL sterile 0.25-strength Ringer solution and stored at 4°C 
overnight.  
Reconstitution and ensiling 
To estimate the amount of forage fresh matter corresponding to the isolated microbes two 
assumptions were made: i) microbial population was completely removed from each 150-g 
forage sample and evenly distributed into the Ringer solution after stomaching, ii) based on 
our preliminary observations (data not shown), recovery proportion of microbial population 
after centrifugation was considered to be 90%. Further, half the hypothetical ratio of 
microbes:fresh matter in original forage samples was targeted at reconstitution and all 
samples were reconstituted to a DM content of 40%.  
The microbial isolates (n=6) were each divided into 3 equal volumes. The 5-mL inocula were 
added to the calculated amounts of sterilized DM so that each forage type received each of 
the three kinds of inoculum. Final reconstitution was carried out with addition of sterile 
distilled water. An amount of ~65 g was then put in sterile glass tubes (20 and 3 cm in length 
and inner diameter, respectively) and sealed with water locks. Silos were kept at 20±2°C for 
71 day. 
Aerobic stability test 
An amount of 30 g of silage was placed in glass filter crucibles. The crucibles were insulated 
in foam polyethylene insulation pipe (15 mm wall thickness). Pipes were covered with 
aluminium foil and the samples were kept at 20°C with sample temperature being recorded at 
2 h intervals for 8 days. 
Chemical analyses 
The sterilized forage samples were subjected to N determination by the Kjeldahl method, 
with Cu as a catalyst. Extracted juice was analyzed for short chain organic acids and alcohols 
by HPLC and ammonia-N by flow injection analysis. The pH of silage and aerated silage 
samples was measured also on the extracted juice by a laboratory pH-meter (Metrohm 654, 
Metrohm AG, Herisau, Switzerland). The DM content of the silage samples were estimated 
after drying at 103°C and corrected for volatiles as described by Mogodiniyai Kasmaei et al. 
(2015). 
Statistical analyses 
The effect of inoculum type (n=3), forage type (n=3) and their interactions on fermentation 
quality and aerobic stability variables was tested by the General Linear Model procedure. 
Total number of observations was 18.  The significant levels for the main and interaction 
effects were declared at P < 0.05 and P < 0.10, respectively. If significant, pairwise 
comparisons were made by the Tukey method.  
Results and Discussion 
The effects of forage type, inoculum type and their interaction on silage variables are 
depicted in Table 1. Butyric acid concentrations were below 1 g/kg DM and are therefore not 
shown.  Formation of all the end-products was affected by the forage type. Clover silages had 
the highest contents of lactic and acetic acid. Silages made from maize had higher amounts of 
propionic, 2,3-butanediol and ammonia-N than grass  silages. They also formed more ethanol 
than clover silages.  
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Inoculum type only affected the formation of ethanol where, the grass inoculum gave the 
highest ethanol concentration. This is surprising considering that counts and species of 
epiphytic lactic acid bacteria (LAB) differ among forage types (Andrieu & Gouet, 1991; Li et 
al., 1992). It may suggest that differences in fermentation quality of silage crops are mostly 
attributed to their chemical composition. It should be interesting to find out whether this also 
can be seen within the same forage type. An elaborate chemical analyses (e.g. water activity, 
amino acid and sugar composition) is then needed as chemical variables commonly measured 
(e.g. dry matter, crude protein, water soluble carbohydrates) poorly explained variations in 
fermentation results (Mogodiniyai Kasmaei et al., 2013). Clover samples inoculated with 
grass and maize inocula had the highest concentration of acetic acid, with inoculation having 
no negative effects on lactic acid formation.  
 
Table 1 The effect of forage, inoculum and their interaction on silage variables 
Treatment pH Lactic acid 
Acetic 
acid 
Propionic 
acid Ethanol  
2,3-
butanediol 
 Ammonia-
N 
  g/kg DM  g/kg N 
Forage (F)         
Grass 4.12b 40.3b 12.4b 2.6b 4.3ab 0.9b  13.6b 
Clover 4.55a 57.0a 26.7a 3.0a 3.4b 2.0ab  15.5ab 
Maize 3.94c 27.5c 10.7b 3.0a 5.0a 3.0a  20.1a 
Inoculum (I)         
Grass 4.28a 40.8 17.1 2.9 6.6a 1.5  15.4 
Clover 4.25a 39.5 15.9 2.9 3.3b 2.2  17.7 
Maize 4.08b 44.6 16.8 2.8 2.8b 2.2  16.1 
SEM1 0.02 1.52 0.51 0.06 0.33 0.35  1.57 
Interaction         
Grass×Grass 4.20 36.1def 12.1c 2.6 7.0ab 0.2  12.7 
Grass×Clover 4.18 39.5cde 12.4c 2.7 3.0c 1.0  16.3 
Grass×Maize 3.99 45.4bcd 12.8c 2.6 2.8c 1.4  11.7 
Clover×Grass 4.59 62.5a 28.5a 3.1 3.9bc 1.2  14.6 
Clover×Clover 4.59 51.0abc 23.2b 2.9 3.8bc 2.5  13.7 
Clover×Maize 4.47 57.6ab 28.4a 3.0 2.6c 2.4  18.2 
Maize×Grass 4.05 23.8f 10.7c 2.8 8.9a 3.0  18.9 
Maize×Clover 3.99 28.1ef 12.1c 3.2 3.0c 3.0  23.0 
Maize×Maize 3.78 30.7def 9.2c 2.8 3.0c 3.8  18.3 
SEM1 0.03 2.64 0.88 0.11 0.57 0.61  2.71 
P value         
F <0.01 <0.01 <0.01 0.01 0.03 0.01  0.04 
I <0.01 0.10 0.25 0.48 <0.01 0.31  0.59 
F×I 0.22 0.06 0.01 0.16 0.01 0.75  0.47 
1Standard error of mean; abcdefvalues with different superscribed letters within ‘F’, ‘I’ or ‘F×I’ and analyte differ 
(P<0.05 for ‘F’, ‘I’ and P<0.1 for ‘F×I’). 
Proceedings of the 6th Nordic Feed Science Conference                                                      57 
 
Feed conservation and processing 
Data from the aerobic stability test is shown in Table 2.  One of the replicates of grass with 
maize inoculum was discarded as the thermometer had been misplaced. The highest 
temperature and the greatest pH increase were observed in maize silages. At the same time, 
the maize inoculum had the best scores for the aerobic stability variables (Table 2).  
Table 2 The effect of forage, inoculum and their interaction on temperature and pH rise (pH after – pH before) 
of silages aerated for 8 d (mean ambient temperature=20.2°C)  
Treatment Maximum temperature (°C) pH increase  
Forage (F) 
 Grass 20.9b 0.73b 
Clover 20.6b 0.03c 
Maize 21.7a 1.78a 
Inoculum (I) 
 Grass 21.4a 1.58a 
Clover 21.3a 0.93b 
Maize 20.7b 0.03c 
SEM1 0.1 0.07 
Interaction 
 Grass×Grass 21.5abc 2.00b 
Grass×Clover 20.9bc 0.20c 
Grass×Maize 20.4c,A 0.00c 
Clover×Grass 20.5c 0.03c 
Clover×Clover 20.6c 0.01c 
Clover×Maize 20.7c 0.04c 
Maize×Grass 22.0ab 2.72a 
Maize×Clover 22.3a 2.58ab 
Maize×Maize 20.8bc 0.05c 
SEM1 0.2 0.12 
P value 
 F <0.01 <0.01 
I 0.01 <0.01 
F×I 0.02 <0.01 
1Standard error of mean; abcvalues with different superscribed letters within ‘F’, ‘I’ or ‘F×I’ and analyte differ 
(P<0.05 for ‘F’, ‘I’ and P<0.1 for ‘F×I’); ASEM=0.3. 
The results found here could be of a great potential in inoculant research. For instance, 
inoculating the difficult-to-ensile legume crops with strains of LAB obtained from grass or 
maize forages could be tested. Considering the effects of maize inoculum on silage pH (Table 
1) and aerobic stability variables (Table 2), further characterization of maize LAB is 
warranted. It should be kept in mind the results presented were obtained from one forage 
sample of the forage types investigated and hence, caution needs to be undertaken when 
extrapolating. More studies of this kind are therefore needed before drawing firm 
conclusions.  
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Conclusions 
Fermentation quality was affected by forage type but only to a very limited degree by 
inoculum type. Inoculation of clover sample with grass or maize inocula increased formation 
of acetic acid, but had no negative effect on lactic acid production. The maize inoculum 
improved aerobic stability. The study showed that the possibility to separate confounding 
effects of chemical and microbial composition can result in new insights as well as new 
research questions.   
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Introduction 
The stability of silage after opening the silo can be defined as the time before silage 
temperature has risen >2˚C above ambient temperature (O’Kiely, 1993). Yeast is commonly 
regarded as the organism initiating microbial growth, responsible for the observed 
temperature rise (Daniel et al., 1970; Jonsson & Pahlow, 1984). Yeast growth on crops starts 
already during wilting and continues during the storage period if air infiltrates the silage 
(Henderson, 1993). Deterioration of silage is initiated by different species of yeast and 
depends on whether the ensiling environment is anaerobic or aerobic. During slightly aerobic 
ensiling conditions during the storage period, the genera Candida and, later during 
fermentation, Wickerhamomyces anomalus (also named Hansenula anomala and Pichia 
anomalus), were reported to be dominant. These genera are lactate utilizers and if exceeding 
105 cfu/g DM, the silage is likely to deteriorate faster than if Saccaromyces sp., which only 
ferment galactose and glucose, dominate (Jonsson & Pahlow, 1984). 
There are also differences between crops in aerobic stability. Lucerne is more stable than 
maize (O’Kiely & Muck, 1992) and clover silages have been reported to be more stable to air 
exposure than grass silages (Pahlow et al., 2001). O’Kiely & Muck (1992) found that lucerne 
ensiled in laboratory silos was stable in an aerobic environment for more than 7 days, and did 
not react to added yeast extracts from deteriorated silages. In the most stable silages, the 
inoculated yeast counts decreased rapidly from >106 to 102 cfu/g within 48 hours after 
opening the silo. These findings indicate that the most stable silages under aerobic conditions 
either lack essential nutrient for yeast growth or there are compounds present inhibiting yeast 
growth. The authors also found that the potentially inhibitory factor was not present in the 
fresh forage and appeared first after fermentation (O’Kiely & Muck, 1992). 
Undissociated lactic, acetic and propionic acid are known to inhibit growth of yeast (Moon, 
1983; O’Kiely & Muck, 1992). At low pH, a higher number of undissociated molecules of 
lactic and acetic acids pass into the yeast cell by passive diffusion and H+ ions are released 
inside the yeast cell. To avoid death, the cell has to remove the H+ ions. Under aerobic 
conditions, the yeast cell is capable of removing H+ ions by active transport. However, at 
anaerobic conditions the yeast cell does not get sufficient energy from fermentation of sugars 
to be able to remove H+ ions (Cassio et al., 1987). 
When evaluating aerobic stability of silage, ensiling in completely air-tight laboratory silos 
are often used in combination with the measurement of temperature rise after that the silo has 
been opened and the silage emptied into a container open in both ends. To obtain a more 
rapid temperature rise, DLG has guidelines for testing of silage additives for approval of 
DLG quality label (DLG, 2006). They stipulate 8 hours air inlet in the silo at day 14 and 7 
prior to the actual opening of the silo. In the present paper, an alternative method is 
evaluated, to simulate the effects of silos in practice with a continuous entrance of small 
amounts of air. 
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Materials and Methods 
Samples of 4-7 kg fresh crop of a second harvest (July 15 to July 19) were collected from 7 
different farms in Sweden in 2014. The participating farms were located in the southern and 
middle parts of Sweden. Samples were taken outside the silos when the transport wagons or 
choppers arrived from the field and unloaded the fresh crop.  
The samples were placed in plastic bags and stored in insulated boxes together with ice packs 
during transport to the laboratory. Samples were kept in the cooled boxes overnight, except 
for samples from two farms which were collected and transported to the laboratory the same 
day. Storage and transportation times varied between one hour and 30 hours. If the ice packs 
tended to melt during this time, they were replaced with new ones resulting in an approximate 
storing temperature of 0 to 5°C. 
Samples of the fresh crop were taken for chemical analysis (frozen at -18°C) and for 
enumeration and identification of yeast. The crops were then packed in laboratory scale silos 
consisting of 1649-mL glass jars. One sample from each farm was ensiled in four replicates 
of which two were made in intact silos and two were made in silos adapted with two 6-mm 
ventilation holes - one in the lid and one in the silo wall. The intact silos were kept sealed 
during the complete storage period of 100 days. Silos with holes were plugged with rubber 
stoppers and once a week, the stoppers were removed for two hours to simulate air leakage. 
After opening the silos, samples were taken for chemical analysis and for enumeration of 
yeasts. 
Both silos and lids were carefully washed and sprayed with ethanol (70%) and dried upside 
down on paper towels before being filled. The density of the crop in the silos was adjusted 
after the DM content of the crop estimated by a rapid microwave oven method. Density was 
144 kg DM/ kg3 at DM content of 20%, and 245 kg DM/ m3 at a DM content of 52%. The 
silos with air inlet had a density of 80% of the density in the air tight silos (DLG, 2006). The 
silos were sealed with lids fitted with water-filled gas locks and were weighed on day 0, 3, 7, 
14, 28, 56, 78, 90 and on the day of opening to monitor weight loss during storage. 
Yeast counts of fresh crops and silages were performed after a three-day cultivation on MEA 
agar at 25°C and, to limit bacterial growth, streptomycin sulphate, penicillin G and 
chloramphenicol were applied. A detailed procedure is described by Spörndly & Persson 
(2015).  
Samples for chemical analysis were thawed and 130-300 g fresh weight was spread on 
aluminium trays. The samples were pre-dried in a heating cabinet for 18 hours at 60˚C. After 
drying, the samples were stabilized in open air for approximately four hours and were then 
weighed again and ground with a hammer mill (KAMAS Slagy 200, Malmö, Sweden) to pass 
a 1-mm particle size screen. The fresh crop was analysed for DM, ash, crude protein (CP), 
digestible organic matter using rumen fluid, (VOS, Swedish method of in vitro organic matter 
digestibility (IVOMD)) and water soluble carbohydrates (WSC). Silages were analysed for 
DM, ash and WSC content. 
Dry matter content was determined by drying the milled samples at 103°C for 16 h. Ash 
content was determined by incineration in a muffle furnace at 550°C for three hours. 
Concentration of CP was determined by using 2020 digester and 2400 Kjeltec Analyser unit 
(FOSS Analytical A/S Hilleröd, Denmark) (Nordic Committee on Food Analysis, 1976). 
Estimation of organic matter digestibility content of forages was determined by the VOS 
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method (Lindgren, 1979) and estimation of metabolisable energy content was done from 
these values. Content of WSC was determined by an enzymatic-spectrophotometric method 
(Larsson & Bengtsson, 1983). 
After the storage period the silage was taken out of the silo with a metal hook, put in a plastic 
bag, thoroughly mixed and sampled. The hook was sterilized by flaming with ethanol (99%) 
between every silo emptying. For the aerobic stability test, silage was loosely filled into PVC 
pipes of 1320 ml volume fitted with a piece of geo textile (a material which air can easily 
pass) at the bottom by a rubber band. The PVC pipes were sterilized by ethanol (70%) and 
the geo textile was autoclaved for 20 minutes in 121˚C and 10 minutes drying time. The pipes 
were placed in a block of Styrofoam with holes and thermocouples were placed in the middle 
of the silage. The pipes were placed in a climate controlled room (20˚C) with relative air 
humidity of 80% to prevent the silage from drying out. The silos were covered with 
Styrofoam with small holes in it to enable air penetration. The temperature was logged every 
second hour for ten days. 
The effect of treatment (air or no air ingress during fermentation) and DM content on aerobic 
stability was tested using analysis of variance and in the General Linear Models (GLM) 
procedure in SAS, and calculating least square means (LSM). Means were considered 
statistically different if P<0.05. 
Results and Discussion 
The chemical composition and microbial colonies in the fresh crop of the seven farms is 
presented in Table 2. DM content varies from 21 to 53% with WSC content from 35 to 108 
g/kg DM. The number of microbial colonies was fairly equal, log 5.0 to 5.8 CFU/g.  
Table 1 Content of dry matter, ash, water soluble carbohydrates (WSC), in vitro digestibility of organic matter 
(IVDOM), crude protein (CP) and number of microbial colonies in fresh crop from 15 farms. The first eight 
farms were sampled during the first harvest and farm 9-15 during the second harvest 
 DM Ash WSC IVDOM CP Microbial colonies 
Farm  %  g/kg DM g/kg DM g/kg DM g/kg DM  log cfu/g 
9 40.2 96 75 877 190 5.1 
10 21.5 94 57 801 158 5.4 
11 18.8 95 35 862 190 5.6 
12 52.8 62 108 732 110 5.8 
13 35.9 83 102 832 132 5.6 
14 30.1 98 106 834 131 5.6 
15 28.1 101 107 848 141 5.0 
At time of counting, all visible colonies were counted assuming them being yeast. However, 
when a closer microscopy examination was performed, most colonies from the fresh crop 
were moulds and bacteria. Penicillin, streptomycin and chloramphenicol added to the 
substrate did not prevent the growth of moulds and bacteria effectively when samples from 
fresh crop were cultivated. Yeast colonies on the plates were white, light yellow or pink. 
Table 2 illustrates the status after ensiling for 100 days. Ventilation of the silos did not affect 
final WSC content and DM losses were only slightly higher than in air-tight silos in all cases 
except one (P>0.10). Ventilation did, however, have a significant effect on yeast counts at 
opening of the silos (P<0.05). In contrast to the fresh crop, colonies growing in the MEA agar 
with penicillin, streptomycin and chloramphenicol were only yeasts.   
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Table 2 Water soluble carbohydrate (WSC) content, dry matter (DM) loss, number of yeast colonies at opening 
silos and number of hours until silage reached temperature 2˚C above ambient temperature during aerobic 
storage after opening the silos 
 WSC 
g/kg DM silage 
Weight loss day 90 
% of initial DM 
Yeast count in silage 
log cfu/g 
Time >2°C 
h 
Farm 
number 
Air 
tight 
Ventilated Air 
tight 
Ventilated Air 
tight 
Ventilated Air 
tight 
Ventilated 
9 5 5 2.7 3.1 <1.7 5.9 >240 63 
10 1 1 6.2 4.6 <1.7 2.0 >240 234 
11 2 0 3.1 3.9 <1.7  3.2 205 98 
12 44 43 1.6 2.2 <1.7 5.9 >240 226 
13 18 19 2.5 2.9 <1.7 5.9 >240 36 
14 27 34 2.3 2.7 <1.7 5.6 >240 64 
15 18 12 2.1 3.4 3.7 5.6 87 12 
The effect of ventilation was manifested during the aerobic phase. Time until the temperature 
rose 2°C was shorter (Table 2) and on average, the temperature rose 2.7˚C in air-tight silos 
and 13.5˚C in ventilated silos (data not shown). WSC content decreased by 32.6% (s.d. 
33.11%) in air-tight and 51.6% (s.d. 36.44%) in ventilated silos after opening of silos 
(P<0.05). Also DM loss during the aerobic phase (10 days) was increased (P<0.05) by 15% 
for the air tight silos and 30% for the ventilated silos (Figure 1). 
 
Figure 1 Comparison of weight loss between air-tight and ventilated silos during aerobic storage stability test, 
loss in percentage of dry matter 
Ensiling under air-tight conditions obviously killed the yeast present on the fresh crop. Yeast 
in silage from air-tight silos was only detected in one of the samples from the seven farms 
while high amounts of yeast were detected in silages from all farms when using ventilated 
silos. The aerobic phase lasted for 10 days with little or no yeast growth in the air-tight silos. 
Therefore, it is not likely that yeast growth would have occurred had they been subjected to 
air only during a limited time at 7 and 14 days before opening as stipulated by DLG (DLG, 
2006). This indicates that the system of continuously aeration of silos during the total ensiling 
period could be a more sensitive method to investigate aerobic stability.   
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Conclusions 
Laboratory scale silos were either closed or ventilated 2 hours per week during the ensiling 
and storage period of 100 days. No differences in DM losses or WSC content were observed 
during the ensiling period but silage in ventilated silos contained more yeast. After opening 
the silos, the temperature rose faster and to higher levels and the DM losses were higher in 
ventilated silages. Ventilating silos regularly during the ensiling and storage periods seems to 
be an effective method to study aerobic stability in laboratory scale silos. 
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Introduction 
Yeast is commonly regarded as the organism initiating growth upon silo opening and 
responsible for silage temperature rise (Daniel et al., 1970; Jonsson & Pahlow, 1984). Yeast 
growth on crops starts already during wilting and continues during the storage period if air 
infiltrates in silage (Henderson, 1993). Yeasts are able to grow and multiply within the pH 
range of 3 to 8 (McDonald et al., 1991). Wilkinson & Davies (2013) compiled factors that 
may increase the risk of yeast and mould presence on crops at harvest; 1) dead plant materials 
at the bottom of leys, 2) damaged crops from rain and/or wind during the last days of growth, 
3) crops in advanced stages of maturity, 4) crops that have begun to reach senescence just 
before harvest, and 5) swaths that have been wilted for more than two days especially under 
poor weather conditions (Wilkinson & Davies, 2013). A recent study has shown an increase 
in numbers of yeasts, LAB and enterobacteria on the crop if the harvest date is delayed 
(Schenck & Müller, 2014). Different yeast species can be found in silage depending on when 
in the ensiling process sampling occurs and which crops are ensiled. In one study, the non-
fermentative genera Cryptococcus, Sporobolomyces, Rhodotorula, Torulopsis and 
Aurebasidium were found on the fresh crop prior to ensiling (Jonsson & Pahlow, 1984). 
Three days after sealing, these species were replaced by different species of yeasts. If the 
ensiling was anaerobic, the dominant species belonged to the genus Saccharomyces spp. 
These yeasts are not able to utilize lactate but ferment galactose and glucose. In aerobic 
silages, the composition of yeast flora was dominated by Candida lambica and colonies of 
Wickerhamomyces anomalus and C. krusei were also present from day 49 to the end of the 
ensiling period. During silage aerobic stability test, the yeast counts rose from log 7 to log 9 
and the pH value increased from 5  to > 7 (Jonsson & Pahlow, 1984). 
 
Since it is reasonable to assume that yeast species vary with location we found it interesting 
to investigate the floras existing on typical leys in Sweden. The aim of the present study was 
to compare green forage crops from 15 random Swedish farms as to yeast prevalence and to 
study if a correlation exists between silage aerobic stability and yeast species. A second aim 
was to describe how the forages were produced and relate aerobic stability to forage 
management factors. 
Materials and Methods 
Samples of 4-7 kg fresh crop were collected from 15 different farms in Sweden in 2014. 
Eight samples were from the first harvest (May 28 to June 9) and seven samples were from 
the second harvest (July 15 and July 19). The farms were located in the southern and middle 
parts of Sweden. The samples were taken outside the silos when the transport wagons or 
choppers arrived from the field and unloaded the harvested forages. The samples were 
transported to our laboratory within 30 hours while being kept at 4°C. The crops were packed 
in laboratory glass silos of 1649-mL with packing density being adjusted to forage dry matter 
(DM) contents. Densities were 144 kg DM/ kg3 for DM content of 20%, and 245 kg DM/ m3 
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for DM content of 52% (DLG, 2006). The silos were sealed with a lid fitted with water-lock 
and were weighed on day 0 and at opening on day 100 to determine weight loss during 
storage. At opening, silages were subjected to aerobic stability test. Silage samples were 
loosely filled into sterile PVC pipes (1320 mL) which had been fitted with a piece of geo 
textile (a material which air can easily pass) at the bottom. The pipes were placed in a block 
of Styrofoam with holes and thermocouples were placed in the middle of the silage. Samples 
were kept at 20˚C with relative air humidity of 80% to prevent a fast drying out. The silos 
were covered with Styrofoam with small holes in it to enable air penetration. The temperature 
was logged every second hour for ten days.  
The fresh crops and the silages were analysed for DM, Ash, CP and WSC content with 
standard methods as described by Spörndly & Persson (2015). For microbial analyses, an 
amount of 30 g forage sample was placed in a stomacher bag and 270 mL of autoclaved ¼ -
strength Ringer solution (Merck, Darmstadt, Germany) was added. Samples were pummelled 
in a laboratory stomacher (Stomacher 3500, Seward Ltd, Worthing, West Sussex, UK) for 60 
seconds twice. Serial 10-fold dilution was prepared from microbial solution before plating on 
MEA agar fortified with streptomycin sulphate (30 mg/L) and penicillin G (30 mg/L). For 
samples from the second harvest, an additional set of substrates was prepared where 
chloramphenicol replaced streptomycin. Colonies of yeasts were counted after three days of 
aerobic incubation at 25°C and the average colony number was determined according to 
Niemelä (1983). Colonies from the fresh crop were streaked on MEA-plates to ensure pure 
yeast colonies. A total number of 16 colonies from the first harvest and 40 colonies from the 
second harvest were grown in test tubes with 3 mL Yeast Extract Peptone Dextrose (YPD)-
medium (Becton Dickinson Company, Sparks, Maryland, USA). The suspensions were 
incubated on a shaking table  at 25°C for 48 hours. The YPD-medium had a concentration of 
10 g yeast extract/L, 20 g bacteriological peptone/L and 20 g glucose/L. Thereafter, 600 µL 
was pipetted into cryo tubes (2 ml) and mixed  with approximately 600 µL glycerol and put 
in a freezer at -70°C. Sample preparation for DNA sequencing which includes  DNA 
extraction, PCR, gel electrophoresis and purification of PCR-products were done by the 
Department of Microbiology of the Swedish University of Agricultural Sciences in Uppsala. 
Sequencing was carried out by Macrogen (Amsterdam, Netherlands). The sequences  were 
compared with sequences in NCBI’s (National Center for Biotechnology Information, 
Bethseda, Maryland, USA) database using BLAST® (Basic Local Alignment Search Tool; 
www.ncbi.nlm.nih.gov/BLAST) (Altschul et al., 1990).  
A set of forage management factors were collected at each farm and the influence of such 
factors  on aerobic stability were tested, when applicable, by the General Linear Model 
(GLM) procedure in SAS. The effect was considered statistically significant if P < 0.05 and 
tendency if 0.05 ≤ P ≤ 0.10. Pearson correlation coefficients were calculated between 
chemical variables in fresh crop and silage, yeast counts in fresh crop and silage, ensiling 
losses, aerobic stability and temperature increase during aerobic test as well as correlations 
between these variables and management factors, using the procedure CORR in SAS.  
Results and Discussion 
In all farms, the ley consisted of a mixture of perennial grasses and red and white clover. Six 
farms were fertilized with liquid manures and in four farms commercial fertilizers were used. 
Three farms were also fertilized with a combination of liquid manure and commercial 
fertilizer. The amount of liquid manures spread ranged from 20 to 30 tonnes per hectare. The 
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fields were fertilized before each harvest except for one farm which was fertilized only before 
the first harvest. The age of the swards varied between one and four years. In none of the 
farms herbicides were used. In all farms, white silage film was used to cover bunker silos but 
eight farms additionally also used micro foil.  
Use of manure as fertilizer tended to result in a higher yeast count in the fresh crop (P=0.08). 
Silages made from the first harvest had a tendency for longer stability than silages from the 
second cut (11.3 vs. 8.6 days) (P=0.06). The temperature of the silages from the first harvest 
only rose on average 0.14°C while the temperature of the silages from the second harvest rose 
on average 3.3°C.  
The method used for quantifying the yeast resulted in number of colonies in the fresh crop 
ranging from log 4.6 to log 5.9 cfu/g (Table 1).  
Table 1. Content of dry matter (DM), water soluble carbohydrates (WSC), number of microbial colonies in 
fresh crop and after ensiling, and aerobic stability after opening the silos at 15 farms. Farm 1-8 were sampled 
during the first harvest and farm 9-15 during the second harvest. 
Farm 
DM in 
fresh 
crop 
(%) 
WSC in fresh 
crop 
(g/kg DM) 
 
WSC in 
silage  
(g/kg DM) 
Number of 
microbial 
colonies in 
fresh crop (log 
cfu/g) 
Number of 
microbial 
colonies in 
silage  
(log cfu/g) 
Time (h) until 
temperature 
+2˚C above 
ambient 
temperature 
1 25.0 83 0.3 4.6 3.2 213.4 
2 25.5 109 1.0 4.7 3.0 181.6 
3 23.7 109 4.3 5.6 <1.7 >288 
4 33.2 108 13.7 5.6 2.05 >288 
5 22.2 81 1.3 5.9 <1.7 >288 
6 23.3 70 0 5.9 1.7 >288 
7 33.7 149 18.8 5.5 2.4 >288 
8 24.2 68 0 5.0 <1.7 >288 
9 40.2 75 5.0 5.1 <1.7 >240 
10 21.5 57 0.8 5.4 <1.7 >240 
11 18.8 35 1.8 5.6 <1.7 205.9 
12 52.8 108 43.9 5.8 <1.7 >240 
13 35.9 102 18.2 5.6 <1.7 >240 
14 30.1 106 26.6 5.6 <1.7 >240 
15 28.1 107 17.9 5.0 3.7 87.9 
 
For the green forage samples, the use of penicillin, streptomycin and chloramphenicol in the 
growth media was not effective in preventing mould and bacterial growth. However, this was 
not the case for silage samples. 
The fresh forage samples from the two harvests contained 15 different species of yeast 
(Figure 1). The two most common yeast species found were Rhodosporidium babjeave  and 
Rhodotorula glutenis found in 6 and 5 farms, respectively.  
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Figure 1. Number of farms per yeast species present in fresh crop from 1st and 2nd harvest at a total of 15 farms. 
The correlation analyses showed higher DM losses at lower silage DM and WSC contents. 
The ash content was positively correlated with the yeast counts in fresh forages and was 
negatively correlated with the aerobic stability (Table 2). Silage yeast count  was negatively 
correlated with storage stability.  
Table 2. Correlation coefficients between yeast count in fresh crop and in silage, silage concentration of dry 
matter (DM), water soluble carbohydrates (WSC) and ash, and silage DM loss, aerobic stability (time lapse 
before  2˚C increase above the ambient temperature) and temperature increase during the aerobic phase 
 Yeast count 
in fresh crop 
Yeast count in 
silage samples 
DM loss Aerobic stability Temperature 
increase during 
aerobic storage 
Yeast count in 
fresh crop 
 NS NS 0.47  P<0.07  NS 
Yeast count in 
silage samples 
 NS  NS -0.61 P<0.02  0.43 P<0.11 
Silage DM  NS NS -0.57   P<0.03  NS NS 
Silage WSC  NS NS -0.65  P<0.009 NS NS 
Silage ash 0.55 P<0.03 NS NS -0.56  P<0.03 0.49  P<0.06 
 
Conclusions 
The method used to cultivate silage yeasts is not applicable for fresh crops as bacterial 
growth cannot be prevented in the growth medium by the antibiotics commonly used. The 
most frequently seen genera of yeasts in fresh crops were Rhodosporidium and Rhodotorula. 
Silage yeast counts and aerobic stability were negatively correlated.  
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Introduction 
Benefits of storage of high moisture grains in Nordic conditions have been already proven 
some decades ago (Palva et al. 2005; Jaakkola et al., 2005). No drying cost, less dependency 
on weather and an extended harvesting season are the main arguments that keep the method 
increasing in popularity. The method has become more common on farms with large herd 
sizes and total mixed ration (TMR) feeding.  
It has been recommended to crimp high moisture grains and ensile them at moisture contents 
(MC) between 350 and 450 g/kg (Palva et al., 2005). When airtight ensiled, pH drops close to 
or below 4. Organic acids like formic, acetic and propionic acids in undissociated forms, 
either added or produced in fermentation, prevent growth of yeasts and moulds. Counts of 
yeasts and moulds on ensiled crimped grains (e.g. < 3 log cfu/g; Seppälä et al., 2015) are 
usually less than values typically detected in freshly harvested grains (e.g. 4.2 - 6.5 log cfu/g 
Olstorpe et al., 2010), resulting in an improved aerobic stability of ensiled grains.  
Ensiling crimped grains at lower MC (250 – 160 g/kg) has recently become more common, 
which could mean an increased risk of deterioration. Olstorpe et al. (2010) collected samples 
of ensiled crimped barley grains from seven Swedish farms where grains had been rolled and 
ensiled in plastic tubes (2 meter diameter, 10 - 50 meter length) without any additives. When 
the grains had an intermediate MC (170 – 230 g/kg), most samples (9 out of 12) had mould 
counts above 4 log cfu/g. Seppälä et al. (2012) showed that the addition of propionic acid 
based additives at 3 L/t on crimped barely grains of similar MC can reduce mould counts to 
below 3 log cfu/g. 
Unwillingness to use corrosive products has resulted in the development of buffered silage 
additives where part of the formic acid or propionic acid is in salt form. Buffered products 
may not be as effective in dropping the pH as pure acids. Therefore, we aimed at comparing 
the effects of different mixtures of organic acids and their salts and application levels on 
aerobic stability and microbial profiles of crimped barley grain silages. 
Materials and Methods  
Two batches (differing in moisture content, MoMo = more moisture, LeMo= less moisture) 
of fully ripened spring barley grain (Marthe) were obtained from Loimaa, Finland in August 
10, 2014 and crimped by a Murska 1400 s2x2 mill (Aimo Kortteen Konepaja, Ylivieska, 
Finland). For each tested additive (Table 1), three replicates of 5 kg were weighed and 
additive applied using a bottle with perforated cap. From each replicate, three glass jars 
(1.7 L) were filled: one for measuring temperature change until day 23 or 24 of ensiling 
(short ensiling) and the follow up aeration for 15 days, one for pH determination and 
microbial analysis at day 113 of ensiling (long ensiling) and one for monitoring aerobic 
stability (40 days) of unsealed silos after long ensiling. The temperature change was 
measured by placing a thermocouple wire in the middle of each silo. The temperature was 
recorded at 10-minute intervals using a data logger. 
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Table 1 Tested additives and their application levels  
Treatment Composition Application 
level (L/t) 
Control -  0 
BL1 Formic acid, propionic acid, ammonium formiate, sodium formiate, surfactants, 
water 
3 
 5 
BL2 Propionic acid, ammonium propionate, sodium benzoate, water 4 
 6 
 8 
BL3 Propionic acid, ammonium propionate, water 
 
4 
 6 
BL4 Propionic acid, ammonium propionate, water 
 
3 
 5* 
*The higher application level of BL4 was dosed only on the low moisture grain. 
Amount of moulded grain was visually evaluated when emptying the silos after each aerobic 
test period. Additionally the microbial quality of the crimped grain prior to ensiling and 
immediately after 113 days ensiling was measured using culture methods. 
Statistical calculations were made using SAS 9.4 (SAS Institute Inc., Cary, NC, USA). Model 
pH= TREATMENT was used in PROC GLM and contrasts were performed. TREATMENT 
combined factors (barley batch, type of additive and dosage level) and had 19 levels. 
Temperature difference (TempDiff) curve between the silo and ambient was calculated for 
each replicate. Analysis of variance (PROC GLM) was conducted in each time point 
separately for both Mo-Mo and LeMo using model TempDiff = ADDITIVE + 
APPLICATION ADDI-TIVE*APPLICATION. The classifying independent variables were 
ADDITIVE (type of additive) and APPLICATION (application level of additive). Predicted 
mean and its 95 % confidence limits were plotted as figures. 
Results and Discussion 
Barley prior to ensiling 
Hectolitre weight of the two barley batches were 66.4 kg (MoMo) and 69.8 kg (LeMo). Prior 
to crimping, the grains had a MC of 273 (MoMo) or 190 g/kg (LeMo) and crude protein 
contents of 142 (MoMo) or 114 (LeMo) in g/kg DM, while NDF content was 154 g/kg DM in 
both barley batches. Microbial counts of the grains prior ensiling are shown in Table 2.  
Table 2 Microbial counts (log  cfu/g) of the grains prior to ensiling  
Grain batch Enterobacteria 
Total count of 
aerobic 
microbes 
Lactic acid 
bacteria Yeasts Moulds 
MoMo 7.1 7.9 4.8 6.1 5.1 
LeMo 6.3 7.6 4.3 6.2 4.6 
MoMo = barley batch having moisture 273 g/kg, LeMo = barley batch having moisture 190 g/kg. 
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Moisture content, pH and undissociated acids 
After 113 ensiling days, the MoMo barley had a moisture content of 246 g/kg and LeMo had 
a moisture content of 184 g/kg. Additive treatments were able to drop the pH of the ensiled 
barley compared to the control treatment, Table 3 (p < 0.001). The amounts of undissociated 
propionic, formic and benzoic acids were calculated taking into account the dosage, pKa and 
molecular weight of each acid and measured silage pH (Table 3). In earlier trial (Seppälä et 
al. 2012) the amount of propionic acid measured in control treatments was negligible (in 
maximum 0.11 g/kg DM) when MC was below 300 g/kg, and thus the dosed propionic acid 
was assumed to be the only source of propionic acid. The calculated amount of undissociated 
benzoic acid was in all cases below 0.13 mol/t (not shown). 
Table 3 The calculated amounts of undissociated propionic and formic acids (mol/t) in ensiled crimped barley 
when additive dosage and pH were taken into account.  
Batch Additive 
Dosage 
 level L/t pH 
Undissociated 
Propionic acid Formic acid 
MoMo Control 0 6.3 0.0 0.0 
 
BL1 3 5.3 2.5 1.2 
 BL1 5 4.9 8.3 5.5 
 BL2 4 5.6 6.5 0.0 
 BL2 6 5.8 7.0 0.0 
 BL2 8 5.6 12.6 0.0 
 BL3 4 5.2 15.8 0.0 
 BL3 6 5.0 33.7 0.0 
 BL4 3 5.5 8.1 0.0 
LeMo Control 0 5.9 0.0 0.0 
 
BL1 3 5.2 3.1 1.5 
 BL1 5 4.8 8.6 6.0 
 BL2 4 5.6 5.8 0.0 
 BL2 6 5.6 9.8 0.0 
 BL2 8 5.5 15.5 0.0 
 BL3 4 5.1 18.2 0.0 
 BL3 6 4.9 36.8 0.0 
 BL4 3 5.3 11.1 0.0 
 BL4 6 5.0 35.8 0.0 
MoMo = barley having moisture 246 g/kg, LeMo =barley having moisture 184 g/kg. BL1-BL4 = blend of 
organic acids (formic acid, propionic acid, benzoic acid and their salts). 
Barley with more moisture  
After the short ensiling (23 or 24 d) MoMo was prone to rapid moulding and only the 
strongest additive treatments (BL3 dosage levels 4 or 6 l/t) were able to prevent moulding 
during the aerobic phase. During the first 24 days of ensiling, the temperature of control 
silages stayed one degree above the ambient temperature contrary to BL3 6 l/t treated silages 
where no temperature rise was observed (Figure 1). The BL3 6 l/t treated silages also showed 
no temperature rise during aeration. Long ensiling (113 d) clearly improved aerobic stability 
of untreated MoMo grain silages as the onset of heating was detected after two weeks of silo 
opening (Figure 2). BL3 6 l/t treated MoMo showed no visual moulding when silos were 
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emptied after 40 days of aeration. Other additive treatments were intermediate between the 
control and the BL3 6 l/t treatment in their ability to prevent the growth of moulds (results 
not shown). 
 
Figure 1 Temperature difference between the barley (moisture content 246 g/kg) and ambient during the first 24 
days of ensiling and during the aerobic period after silo opening (arrow). Additive treatments: Control = without 
additive, BL3 6l/t: blend of propionic acid, ammonium propionate and water dosed 6 l/t. LCL = lower 95 % 
confidence limit, UCL = upper 95 % confidence limit. 
 
Figure 2 Temperature difference between the barley (moisture content 246 g/kg) and ambient during aerobic 
exposure after silo opening (ensiling period 113 days). Additive treatments: Control = without additive, BL3 
6l/t: blend of propionic acid, ammonium propionate and water dosed 6 l/t. LCL = lower 95 % confidence limit, 
UCL = upper 95 % confidence limit. 
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Figure 3 Temperature difference between the barley (moisture content 184 g/kg) and ambient during the first 24 
days of ensiling and during the aerobic period after silo opening (arrow). Additive treatments: Control = without 
additive, BL3 6l/t: blend of propionic acid, ammonium propionate and water dosed 6 l/t. LCL = lower 95 % 
confidence limit, UCL = upper 95 % confidence limit. 
 
Figure 4 Temperature difference between the barley (moisture content 184 g/kg) and ambient during aerobic 
exposure after silo opening (ensiling period 113 days). Additive treatments: Control = without additive, BL3 
6l/t: blend of propionic acid, ammonium propionate and water dosed 6 l/t. LCL = lower 95 % confidence limit, 
UCL = upper 95 % confidence limit. 
Barley with less moisture  
Barley LeMo was not generally prone to moulding as only the barley without additive or low 
level of BL1 showed moulding after short ensiling, as well as the barley without additive 
after the long ensiling period. Microbial growth in LeMo was more likely restricted by the 
low moisture content as reflected by the different shape of temperature curves of control 
treated LeMo barley compared to control treated MoMo barley (Figures 1 - 4). The additive 
treated silages did not show any significant temperature change.  
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Microbial counts 
The long ensiling time was not able to totally kill the yeasts and moulds when no additive 
was used. Control treated ensiled MoMo had yeasts 2.2 - 4.8 cfu/g and moulds at maximum 
4.4 cfu/g. One sample of control treated ensiled LeMo had yeasts 4.1 and moulds 2.0 cfu/g 
while the two other samples had yeasts and moulds below 2.0 cfu/g. All the additive treated 
ensiled barley samples had mould and yeasts counts below detection limit (2.0 cfu/g) when 
sampled just after silo opening.. 
Conclusions  
Blends of organic acids were able to restrict growth of moulds in ensiled barley grains of 240 
– 190 g/kg moisture contents. A strong restricting effect was achieved when the level of 
undissociated propionic acid was above 12.6 mol/t. A long ensiling period in combination 
with the use of organic acids was able to reduce the numbers of yeasts and moulds below 2 
log cfu/g. When grains were ensiled for 24 days, application of additives was necessary to 
avoid heating upon silo opening.  
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Introduction 
Crimping (i.e. ensilage of rolled, moist grain) is a suitable alternative to combine harvesting 
for grain intendeded to be used on-farm and when moist weather prevails during harvest. 
Farmers are recommended to apply additives during crimping. This restricts growth of fungi 
(yeasts & moulds) during storage and feed-out counteracting heating and moulding - the 
common cause of crimped grain deterioration. The most prominent factor controling fungal 
growth in fermented feeds is the amount of air (oxygen) that leaks into the silo or bag. That 
means, if no air is allowed to leak into the silo, fungal growth will be inhibited. Since there 
are no farm-scale silos which are completely air-tight, application of an additive with 
antifungal properties is advisable. Such an additive will increase the feed’s tolerance to 
oxygen leakage and thus help to secure a high hygienic feed quality and minimizes nutrient 
losses.  
In this lab-scale trial we studied the effect of air leakage and additives on fermentation 
characteristics and aerobic stability of crimped maize grain.  
Materials and Methods  
Maize grain was combine harvested in southern Sweden at 27% 
moisture content (MC) and was sent (cold storage at 6-9°C) about 
650 km north to Uppsala, where the grain was stored at 4-6°C for 
27 days before it was crimped (crimper: Murska 350 S2, Aimo 
Kortteen Konepaja Oy, Ylivieska, Finland, www.murska.fi/en) and 
ensiled in 1.7 -L glass jars with water-filled siphons (gas vents) 
mounted on the silo lids (Fig. 1). Siphons allowed some air ingress 
in silos driven by fluctuations in atmospheric pressure. Three 
samples of the grain were analysed for MC, crude protein (CP), 
water activity (aw), pH and viable counts of lactic acid bacteria 
(LAB), yeasts and moulds. MC was determined by drying at 103°C 
for 6 hours and subsequent cooling in a desiccator, aw was deter-
mined with an aw-meter (model 5803; G.Lufft, Fellbach, Germany) 
and viable counts of LAB on Rogosa agar (Merck 1.05413, pH 5.5, 
pour plates, anaerobic cultivation at 30°C) and yeast and moulds on 
DG18 agar (Merck 1.00465, pH 5.6, surface spread, aerobic culti-
vation at 25°C). 
The 5 additive treatments represented 4 acid based products plus an 
untreated control. ProSid MI700 (Perstorp AB, Sweden) contained 66% propionic acid, 26% 
propionic acid glycerol esters, 2% formic acid and 1% glycerol, Crimpstore 2000S (Kelvin 
Cave Ltd., UK) contained over 60% formic acid, 10% propionic acid and 2.2% benzoic acid 
and finally propionic acid was applied at >99% purity. Recommended application rates for 
grain with 27% MC were 5.0 mL/kg for Crimpstore 2000S and 4.0 mL/kg for ProSid MI 700 
Figure 1 Lab-scale silos 
with siphons and with 
stoppers removed for air 
stress treatment. 
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(no recommended rates available for propionic acid). All additives in this trial were applied at 
the same rate: 4.0 mL/kg fresh matter (FM) equivalent to 4.0 L/metric tonne FM.  
The three air treatments consisted of: 1) no air leakage, 2) one stopper in the jar bottoms and 
one on the lid. Stoppers (6.0 mm hole Ø) were removed for 2 hours once each week (Mon-
day) and 3) three stoppers in the jar bottoms and one in the lid were removed 3 times per 
week (Monday, Wednesday, Friday) for 2 hours. 
An experimental plan of the study is shown in Table 1. 
Table 1 Experimental plan showing treatments and number of lab-silos (� = silo). Additives were applied at 4.0 
mL per kg of crimped maize (27% MC) 
Additive treatments 
Air treatment: level of air leakage 
no leakage 1 time/week 3 times/week 
Control (C)  ��� ��� ��� 
ProSid MI700 (MI) ��� ��� ��� 
Crimpstore 2000S (CS) ��� ��� ��� 
Propionic acid (PA) ��� ��� ��� 
 
Additives were applied to pre-weighed portions of grain filled in large, transparent plastic 
bags (1.15 x 0.45 m) using sterile Falcon bottles (50 mL) and ethanol treated atomizers of 
spray bottles. First, about half of the additive was sprayed over the grain which was spread 
out inside the bag, then contents were mixed by shaking the closed, inflated bag for approx. 
20 s. Thereafter, this procedure was repeated with the remaining additive. The treated grain 
was left to rest for approx. 30 minutes before filling the autoclaved glass jars. A relatively 
low fill density was chosen to facilitate the movement of air during air stress treatments 
(density: 595 kg FM/m3 or 434 kg DM/m3).  
Silos were stored for 62 days at 20±1°C and 70% relative humidity. During storage, all silos 
were frequently weighed and assessed for moulding with the help of a mould score system 
(Table 2). Mould scoring was regarded more useful than viable counts to assess the extent of 
mould growth since with mould counts are not correlated to mass. Weight losses during 
storage were calculated in % of the initial grain DM weight after silo filling.  
Table 2 Mould score system based on the occurrence of mould growth visible through the glass jar. 
  
 
 
 
 
After 62 days of storage, silos were opened and sampled for DM, pH, ammonia-N, organic 
acids (formic, acetic, propionic, lactic, butyric) and alcohols (ethanol, 1,2-propanediol, 2,3-
butanediol). Organic acids and alcohols were determined by HPLC according to Ericson & 
André (2010), ammonia-N using flow-injection analysis (ISO method 11732:2005) and DM 
and MC by drying as with the fresh grain. In addition, all samples were exposed to an aerobic 
Score Visible mould occurrence in sample 
0 No mould    
1 <2 small colonies (<5 mm)   
2 <10% of sample mouldy   
3 10-30% of sample mouldy   
4 30-50% of sample mouldy   
5 >50% of sample mouldy   
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stability test that was planned for a period of 14 days but was extended to 29 days (ambient 
temperature 18.2±0.2°C). Grain samples (825 g FM) were aseptically transferred from silos to 
ethanol-treated PVC-pipes, which were covered with a piece of autoclaved geotextile at the 
bottom. PVC pipes were inserted into a Styrofoam block for insulation. The block was 
covered (top + bottom) with 10 mm thick Styrofoam boards. Air could pass through the PVC 
pipes via 2 holes (10 mm Ø), one at the bottom and one at the top of each pipe. Grain 
temperatures were recorded every 2nd hour via sensors (thermo-couples, type T) inserted into 
the centre of each pipe. An increase of temperature indicated the onset of aerobic microbial 
activity. Maximum grain temperature and time (days) until grain had reached +3°C above 
ambient temperature were used as indicators of aerobic stability.  
The data was analysed statistically using the software package SAS 9.3 (SAS, 2014). Since 
most of the data were not normally distributed, the collected data could not be analysed by 
analysis of variance as planned. Instead the data was first ranked (PROC RANK) and then, 
the ranked data was analysed with PROC GLM (a method of least squares to fit general linear 
models). Results can be expected to be similar to the Wilcoxon Kruskal-Wallis test (acc. to 
U. Olsson, pers. comm.), a test often applied with data that is not normally distributed.  
Results and Discussion 
Analyses made on the freshly crimped grain (Table 3) showed a moisture content of 27% and 
relatively high viable counts of LAB, yeasts and moulds. A water activity of 0.97 indicated 
that fermentation activity in the crimped grain was restricted by the lack of available water.  
Table 3 Composition of crimped maize (means of 3 samples) before ensilage.  
MC aw pH CP LAB Yeasts Moulds 
(% FM)     (% DM) (cfu/g FM) (cfu/g FM) (cfu/g FM) 
27 0.97 6.44 9.7 5.9 x 105 4.8 x 105 1.8 x 105 
When silages were sampled 62 days later, pH values had decreased from 6.4 to 4.1-4.2 (Table 
4). The formation of organic acids to accomplish this pH reduction was relatively small (se 
Table 4: ‘All’), probably owing to the low buffering capacity of maize grain. Because of the 
restricted fermentation, weight losses were low. Losses were highest in control silages (C) 
but increased in all additive treatments with increasing quantities of air leakage (air stress).  
Fermentation in Crimpstore 2000S-treated grain (CS) was not only restricted by the low aw 
but even by the high proportion of formic acid in this additive. The concentration of propio-
nic acid after 62 days was close to zero as in control silages (Table 4). This indicates a low 
anti-fungal activity of this product, since formic acid in the range shown in Table 4 is not a 
very efficient fungicide.  
ProSid MI700 (MI) and propionic acid (PA) appeared to produce silages very similar in com-
position. Lactic acid, but not acetic or propionic acid, decreased in response to the intensity of 
air stress. Lactate concentrations, after the most intense air stress (3/w), were about 80% of 
the air stress-free treatment. This indicates that about 20% of the lactate was probably meta-
bolized by yeasts or other aerobic microbes in the presence of oxygen.   
The most compelling reason to apply an additive at crimping is to avoid problems with hea-
ting and moulding during feed-out. The aerobic stability test determines the sensitivity of the 
fermented feed to deteriorate upon exposure to air. Results of this test are shown in Table 5 
together with mould scores assessed before and after the stability test (29 d). 
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Table 4 Composition of crimped maize after 62 days of storage. ‘All’ is the sum of all analysed fermentation 
products except ammonia. Each value represents the mean of 3 silo samples. Butyric acid, 1,2-propanediol and 
2.3-butanediol were not detected 
Addit.a Air stress MC pH Am-N Lactic Acetic Formic Propionic All Losses 
  (% FM)   (% N) (g/100 g FM) (% DM) 
C no 27.3 4.16 3.1 1.46 0.3 <0.01 0.02 1.94 0.47 
C 1/w 27.2 4.21 3.1 1.24 0.32 <0.01 0.02 1.63 0.6 
C 3/w 27.6 4.5 2.8 1.17 0.05 <0.01 0.02 1.25 0.88 
MI no 27.3 4.09 2.8 1.22 0.17 <0.01 0.15 1.55 0.16 
MI 1/w 27.4 4.18 2.7 1.04 0.18 <0.01 0.16 1.37 0.17 
MI 3/w 27.3 4.22 2.7 0.98 0.19 <0.01 0.16 1.33 0.3 
CS no 27.6 4.2 4.7 0.65 0.04 0.32 0.02 1.02 0.05 
CS 1/w 27.5 4.43 4.2 0.48 0.03 0.26 0.02 0.78 0.1 
CS 3/w 27.8 5.27 4.7 0.46 0.01 0.13 0.02 0.61 0.34 
PA no 27.4 4.09 2.5 1.22 0.17 <0.01 0.18 1.57 0.12 
PA 1/w 27.6 4.18 2.3 1.04 0.18 <0.01 0.18 1.41 0.13 
PA 3/w 27.6 4.2 2.5 0.97 0.18 <0.01 0.18 1.32 0.24 
Probabilities of effects:                 
 Additive: 0.06 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
 Air stress: 0.15 <0.001 0.19 <0.001 <0.001 <0.001 0.04 <0.001 <0.001 
 Additive  x Air: 0.66 0.004 0.18 0.11 <0.001 <0.001 <0.001 <0.001 <0.001 
aC=Control ; MI=ProSid MI700; CS=Crimpstore 2000s; PA=propionic acid. 
 
Table 5 Results of the aerobic stability test that started right after silo opening. Mould scores were assessed at 
silo opening (before) and after the stability test (after). Values represent means of 3 samples 
    Aerobic stability test Mould scores 
Additivea Air stress Max. temp. Time before after 
    (°C) Days till +3°C stability test 
C no 25.5 22.8 0 4.7 
C 1/w 48.5 3.11 0 5 
C 3/w 50.6 0.15 0 5 
MI no 19.3 >29 0 0 
MI 1/w 18.5 >29 0 0 
MI 3/w 20.1 >29 0 0 
CS no 20.4 >29 0 1.3 
CS 1/w 47.5 2.33 2 5 
CS 3/w 48.8 0.87 3 5 
PA no 20.3 >29 0 0 
PA 1/w 19.1 >29 0 0 
PA 3/w 18.7 >29 0 0 
Probabilities of effects :       
 Additive: <0.001 <0.001 <0.001 <0.001 
 Air stress: <0.001 <0.001 <0.001 <0.001 
 Additive  x Air: <0.001 <0.001 <0.001 <0.001 
aC=Control; MI=ProSid MI700; CS=Crimpstore 2000s; PA=propionic acid.  
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The stability test revealed the strong deteriorating influence of air leakage on aerobic 
stability. Control silages without air stress stayed close to ambient temperature for about 20 
days until they slowly began to heat up and mould, while silages aerated once a week (1/w), 
heated after about 3 days and the intensively aerated silages (3/w) started to heat within 4-5 
hours. Generally, the deteriorating effect on aerobic stability appeared to be larger between 
no air stress and air stress once a week than between air stress once and 3 times a week. 
The effect of the CS additive was similar to the untreated control silages. CS did not result in 
more than marginal improvements in aerobic stability compared to the additive-free treat-
ment. Moulding during air stress appeared to be stimulated by CS, compared to control 
silages. ProSid MI700 (MI) and pure propionic acid (PA) showed a very substantial improve-
ment of aerobic stability and inhibited heating and moulding for more than 29 days even in 
intensively aerated grain silages. 
Conclusions 
• Air leakage during storage had a strong deteriorating impact on the rate of heating and 
moulding after silo opening.  
• Grain treated with ProSid MI700 (MI) or with propionic acid (PA) showed no signs of 
heating or moulding during 29 days of aerobic exposure (both applied at 4 mL /kg). This 
applied even for the intensively aerated silages (3/w).  
• If heating and moulding of fermented grains is an issue, an additive with high anti-fungal 
activity should be applied at the recommended level, particularly if air leakage of a un-
opened silo cannot be controlled.  
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Introduction 
Producing whole crop small grain cereal silages provides an opportunity to improve the 
efficiency of forage production for ruminants under Northern European conditions. 
Especially in organic farming systems, annual legumes are often sown with cereals. 
However, there is paucity of published information on performance, carcass characteristics 
and meat quality of growing bulls when grass silage is replaced by whole crop legume-cereal 
silages. Therefore, our objective was to determine the effects of silage plant species (whole 
crop legume-cereals vs. grass) on animal performance, meat quality and meat fatty acid 
profile of growing Aberdeen Angus (AA) and Nordic Red (NR) bulls.    
Materials and Methods  
A feeding experiment was conducted in the experimental barn of Natural Resources Institute 
Finland in Ruukki. The experiment comprised in total 30 AA and 30 NR bulls. All animals, 
with an initial live weight (LW) of 477 (±38.7) (AA) and 363 (±65.9) (NR) kg, were 
purchased from commercial herds. At the start of the experiment the animals were on average 
341 (±13.7) (AA) and 304 (±35.4) (NR) days old. During the experiment, the bulls were 
housed in an uninsulated barn in pens (10.0 × 5.0 m; 5 bulls in each pen), providing 10.0 
m2/bull. A GrowSafe feed intake system (model 4000E; GrowSafe Systems Ltd., Airdrie, 
AB, Canada) was used to record individual daily feed intakes so that each pen contained two 
GrowSafe feeder nodes.  
Experimental silages were produced at the experimental farm of Natural Resources Institute 
Finland in Ruukki (64°44'N, 25°15'E). The grass silage (GS) used was the regrowth from a 
timothy (Phleum pratense) sward, cut at heading stage of timothy (on August 9) using a 
mower conditioner, wilted for 24 h, and then harvested using a precision-chop forage 
harvester. Two legume-cereal mixtures used were: pea (Pisum sativum, cv. Florida) + wheat 
(Triticum aestivum, cv. Anniina) (PW) and faba bean (Vicia faba, cv. Fuego) + wheat (cv. 
Anniina) (FBW). The sowing rates of the cultivars were 138 kg pea with 75 kg wheat and 
174 kg faba bean with 75 kg wheat per hectare. Both crops were harvested at 12 weeks after 
sowing using a direct-cut flail harvester. All silages were made in bunker silos and treated 
with a formic acid based additive applied at a rate of 5 L/tonne of fresh forage. According to 
botanical analysis, GS contained timothy [960 g dry matter (DM)/kg DM] and other plants 
(40). Respectively, PW contained pea (891), wheat (107) and other plants (2), and FBW 
contained faba bean (837), wheat (149) and other plants (14).  
The bulls were fed a total mixed ration ad libitum (proportionate refusals of 5%). In the 
beginning of the experiment both AA and NR bulls were randomly allotted to the pens which 
were then randomly allotted to three feeding treatments (GSB, FBWB, PWB, four pens per 
diet). The compositions (g/kg DM) of these three diets were: GSB = grass silage (650) and 
rolled barley (350), FBWB = faba bean-wheat silage (650) and rolled barley (350), PWB = 
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pea-wheat silage (650) and rolled barley (350). The daily ration for the bulls included also 
150 g of a mineral-vitamin mixture (Kasvuape E-Hiven, A-Rehu Ltd.). During the feeding 
experiment silage sub-samples were taken twice a week, pooled over periods of four weeks 
and stored at –20 ºC prior to analyses. The samples were analysed for DM, ash, crude protein 
(CP), neutral detergent fibre (NDF), indigestible NDF (iNDF), silage fermentation quality 
[pH, water-soluble carbohydrates (WSC), lactic and formic acids, volatile fatty acids] and 
digestible organic matter (DOM) in DM (D-value) as described by Pesonen et al. (2013). 
Concentrate sub-samples were collected weekly, pooled over periods of 12 weeks and 
analysed for DM, ash, CP, NDF and iNDF. The metabolisable energy (ME), amino acids 
absorbed from small intestine (AAT) and protein balance in the rumen (PBV) values were 
calculated according to the Finnish Feed Tables (MTT, 2014). 
The bulls were weighed on two consecutive days at the beginning of the experiment and 
before slaughter. The bulls were selected for slaughter based on age, and slaughtered in five 
batches. The target for average slaughter age was 500 days, and the slaughter age was used as 
the end point of the study. After slaughter the carcasses were weighed hot. The cold carcass 
weight was estimated as 0.98 of the hot carcass weight. Dressing proportions were calculated 
from the ratio of cold carcass weight to final LW. The carcasses were classified for 
conformation and fatness using the EUROP quality classification (EC, 2006). After the 
classification, the carcasses were chilled overnight below 7°C. One day after the slaughter, 
the pH-value of the loin (M. longissimus dorsi) was measured with a Knick 651 instrument 
with Inlab Solid electrode (Mettler Toledo) at the level of the 1st lumbar vertebra. Meat color 
of the loin was measured after a bloom time of half an hour with a Minolta Cr-200 handheld 
chroma meter (Minolta Camera Co., Ltd., Osaka, Japan). The marbling score of the loin (at 
the 1st lumbar vertebra) was evaluated visually by using a six-point scale (0=devoid to 
5=abundant). The loin was cut at the level of the 1st lumbar vertebra, and a 3-kg loin sample 
between the 1st and the 5th lumbar vertebra was taken and vacuum packed for further analysis. 
Total ageing time of the loin samples was 12 days at 4°C. Thereafter, samples were analysed 
for drip loss, Warner-Bratzler shear force and for tenderness, juiciness and beef flavour 
(sensory analysis) as described by Pesonen et al. (2013). The fatty acid composition in 
intramuscular fat of the loin was analyzed using gas chromatography. 
The results are shown as least squares means. The data were subjected to analysis of variance 
using the SAS GLM procedure (version 9.3, SAS Institute Inc., Cary, NC). The statistical 
model used was yijklm = µ + δk + αi + γj + (α×γ)ij + θijm + βxijkl + eijklm, where μ is the intercept 
and eijklm is the residual error term associated with lth animal. αi, γj and (α×γ)ij are the effects 
of  ith diet (GSB, FBWB, PWB) and jth breed (AA, NR) and their interaction, respectively, 
while δk is the effect of the slaughtering batch (k=1,...,5) and θijm is the effect of pen. The 
effect of pen was used as an error term when differences between treatments were compared 
because treatments were allocated to animals penned together. Initial live weight was used as 
a covariate (βxijkl) in the model. Differences between the treatments were tested using 
orthogonal contrasts: (1) AA vs. NR, (2) GSB vs. whole crop legume-cereal silage diets 
(FBWB + PWB), and (3) FBWB vs. PWB. Since the interactions between breed and feeding 
treatments were not statistically significant (P>0.10 for all variables), the P-values of the 
interactions are not presented. 
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Results and Discussion 
Chemical composition and feeding values of the experimental feeds and total mixed rations 
used are presented in Table 1. The CP concentration of FBW and PW was 19 and 35% higher 
compared to GS, respectively. The grass silage had a higher NDF and lower iNDF 
concentration compared to FBW and PW. Further, GS had a 4% higher ME content than the 
whole crop legume-cereal silages. The fermentation characteristics of all three silages were 
good as indicated by the low pH value and the low concentrations of ammonia N in total N 
and total fermentation acids. Barley grain used in the experiment had typical chemical 
composition and feed values. Due to differences in composition of the experimental silages, 
FBWB and PWB rations included 14 and 25% more CP compared to GSB, respectively. 
Further, FBWB and PWB rations included less NDF and more iNDF compared to GSB. 
Table 1 Chemical composition and feeding values of the experimental feeds and total mixed rations 
 
Feeds  Total mixed rations 
 
GS FBW PW  Barley  GSB FBWB PWB 
Dry matter (DM), g/kg feed 289 277 269 883  378 365 356 
Organic matter (OM), g/kg DM 939 935 930 971  951 948 944 
Crude protein, g/kg DM 129 154 174 107  121 138 151 
Neutral detergent fibre (NDF), g/kg DM 580 465 427 210  451 376 351 
Indigestible NDF, g/kg DM 101 148 148 37  79 109 109 
Metabolisable energy, MJ/kg DM 10.1 9.7 9.7 13.2  11.2 10.9 10.9 
AAT, g/kg DM 75 81 83 95  82 86 87 
Protein balance in the rumen, g/kg DM 17 36 53 -36  -2 11 22 
Digestible OM in DM, g/kg DM 629 608 608 821  696 683 683 
Fermentation quality of the experimental silages 
 
    
  pH 3.96 3.79 3.98 
 
    
  Volatile fatty acids, g/kg DM 14 13 16 
 
    
  Lactic + formic acid, g/kg DM 43 49 66 
 
    
  Water soluble carbohydrates, g/kg DM 59  30 28 
 
    
  In total N, g/kg 
    
    
    NH4N 43 49 66 
 
    
    Soluble N 410 398 500 
 
    
GS = grass silage, FBW = faba bean-wheat silage, PW = pea-wheat silage, GSB = grass silage (650 g/kg DM) + 
rolled barley (350), FBWB = faba bean-wheat silage (650) + rolled barley (350), PWB = pea-wheat silage (650) 
+ rolled barley (350), AAT = Amino acids absorbed from small intestine 
During the experiment the total DM intake (DMI) of the AA bulls was 12% higher compared 
to the NR bulls (Table 2). However, DMI in relation to LW was 11% higher in the NR bulls 
compared to the AA bulls, which is in agreement with previously reported findings. It is 
stated that dairy breeds have a higher intake than beef breeds because the genetic selection 
for higher milk yield has resulted in dairy animals having a larger gastrointestinal tract and a 
higher feed intake capacity (Langholz, 1990). Due to higher total DMI, daily ME and CP 
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intakes of the AA bulls were higher compared to the NR bulls. Also feeding treatments 
affected intake parameters. The FBWB diet tended to increase DM and energy intakes of the 
bulls compared to GSB and PWB diets (Table 2). Crude protein intake was higher with whole 
crop legume silage feedings compared to GSB. As expected, the AA bulls grew faster than 
the NR bulls but there were no treatment differences among feeding treatments in LW gain or 
carcass gain. The carcass weight, dressing proportion, carcass conformation score and carcass 
fat score of the AA bulls were higher than the corresponding values of the NR bulls. 
Corresponding differences in growth and carcass characteristics between beef and dairy 
breeds has been demonstrated earlier by for example Kempster and Southgate (1984). The 
carcass weight of the FBWB bulls was 9% higher compared to the PWB bulls. It was 
probably due to differences in carcass weight that the FBWB bulls were better conformed 
than PWB bulls. 
Feeding treatments had only minor effects on meat quality parameters (Table 3). The pH-
value of longissimus dorsi muscle was slightly lower with whole crop legume silage feedings 
compared to GSB. In addition, whole crop legume silage feedings tended to increase 
marbling score compared to GSB. However, feeding did not affect drip loss, colour, shear 
force, sensory analysis or fatty acid profile of longissimus dorsi muscle. On the contrary, 
breed had clear effects on meat quality. The loin of the AA bulls had lower pH and WB shear 
force values and higher marbling score compared to the NR bulls. Further, muscle lightness 
(L), redness (a) and yellowness (b) values of the AA bulls were higher than those of the NR 
bulls. In the sensory analyses, the AA bulls got higher scores in tenderness and juiciness 
compared to the NR bulls. The loin samples of the AA-bulls contained a higher proportion of 
saturated fatty acids and tended to contain lower proportion of monounsaturated fatty acids 
compared to the NR bulls. The n-6/n-3 fatty acid ratio of the NR-bulls was 40% higher than 
the corresponding value of the AA-bulls, on average. 
Conclusions 
Breed differences between the AA and NR bulls in growth, carcass traits and meat quality 
were observed when the bulls were slaughtered at the age of 500 days. The results indicate 
that AA bulls produced meat with a lower n-6/n-3 fatty acid ratio compared to NR bulls. 
According to this study replacing moderately digestible timothy silage by whole crop 
legume-cereal silages in the diet did not have any remarkable effects on animal performance, 
carcass characteristics or meat quality of the growing bulls.   
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Table 2 Intake, growth performance and carcass characteristics of the bulls fed different total mixed rations 
Breed Angus  Nordic Red  SEM  Orthogonal contrasts (P-values) 
Feeding GSB FBWB PWB  GSB FBWB PWB    1 2 3 
Number of observations 9 10 10  10 10 10       
Duration of the experiment, d 155 165 150  203 215 194  5.7  <0.001 0.75 0.02 
Initial live weight, kg 481 473 478  373 366 349  11.7  <0.001 0.34 0.63 
Final live weight, kg 708 713 707  609 622 570  14.7  <0.001 0.67 0.09 
Slaughter age, d 496 503 495  504 522 500  8.2  0.17 0.56 0.12 
Intake 
   
          
Dry matter (DM), kg/d 12.20 13.40 12.15  10.95 12.33 10.44  0.380  0.005 0.18 0.006 
DM intake, g/kg live weight 20.5 22.6 20.5  22.6 25.2 23.1  0.82  0.01 0.12 0.04 
Metabolizable energy (ME), MJ/d 136 143 132  123 132 113  4.1  0.005 0.85 0.01 
Crude protein (CP), g/d 1457 1840 1834  1317 1688 1565  51.0  0.004 <0.001 0.25 
Live weight gain, g/d 1479 1496 1569  1162 1197 1140  40.3  <0.001 0.42 0.84 
Carcass gain, g/d 866 837 868  589 633 599  21.3  <0.001 0.74 0.95 
Feed conversion 
   
          
Kg DM/kg carcass gain 14.2 16.1 14.1  18.9 19.8 17.9  0.29  <0.001 0.13 <0.001 
MJ ME/kg carcass gain  159 172 154  211 212 194  3.1  <0.001 0.47 0.001 
Carcass characteristics 
   
          
Carcass weight, kg 379 376 372  302 314 287  7.6  <0.001 0.62 0.02 
Dressing proportion, g/kg 535 528 526  496 506 502  2.7  <0.001 0.94 0.30 
Conformation, EUROP 8.4 8.5 7.7  4.9 5.1 4.9  0.20  <0.001 0.67 0.04 
Fat score, EUROP 3.1 3.2 3.3  2.3 2.5 1.9  0.13  <0.001 0.91 0.09 
GSB = grass silage (650 g/kg DM) + rolled barley (350), FBWB = faba bean-wheat silage (650) + rolled barley (350), PWB = pea-wheat silage (650) + rolled 
barley (350), orthogonal contrasts: 1 = Angus vs. Nordic Red, 2 = GS vs. whole crop legume-cereal silages (FBW + PW), 3 = FBW vs. PW, SEM = standard error 
of mean 
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Table 3 Meat quality and fatty acid profile (M. longissimus dorsi) of the bulls fed different total mixed rations 
Breed Angus  Nordic Red  SEM  Orthogonal contrasts (P-values) 
Feeding GSB FBWB PWB  GSB FBWB PWB    1 2 3 
Number of observations 8 8 8  8 8 8       
Quality of longissimus dorsi muscle 
   
          
pH (24 h post mortem) 5.57 5.53 5.52  5.66 5.58 5.61  0.026  0.008 0.009 0.91 
Marbling score (0 = devoid, 5 = abundant) 1.56 2.31 1.97  1.06 1.56 1.22  0.295  0.004 0.08 0.71 
Drip loss, % 0.22 0.22 0.19  0.27 0.33 0.36  0.031  0.01 0.32 0.98 
Shear force, N/4 cm2 48.8 49.6 48.1  58.8 54.6 63.0  4.11  0.007 0.98 0.82 
Colour              
  L (lightness) 36.2 36.9 36.8  34.4 34.6 33.9  0.77  <0.001 0.71 0.97 
  a (redness) 22.6 23.0 22.7  21.1 23.0 21.3  0.81  0.02 0.32 0.51 
  b (yellowness) 7.5 8.0 7.1  6.5 6.9 6.3  0.43  0.003 0.77 0.15 
Sensory analysis              
  Tenderness 5.8 5.7 5.9  5.1 5.2 5.0  0.27  0.009 0.95 0.56 
  Juiciness  5.7 5.7 5.8  5.4 5.5 5.4  0.15  0.02 0.82 0.59 
  Beef flavour 5.9 5.8 5.7  5.6 5.7 5.5  0.13  0.19 0.41 0.86 
Fatty acid profile of longissimus dorsi muscle (% of total fatty acids)      
  Saturated fatty acids 45.92 44.33 44.11  42.44 43.29 44.52  1.062  0.01 0.98 0.48 
  Monounsaturated fatty acids 46.27 47.20 47.72  48.99 47.41 46.79  1.001  0.06 0.91 0.96 
  Polyunsaturated fatty acids 6.71 7.52 7.38  7.53 8.18 7.89  0.677  0.27 0.55 0.39 
  n6/n3fatty acid ratio 3.01 3.19 3.09  4.32 4.26 4.47  0.134  <0.001 0.34 0.91 
GSB = grass silage (650 g/kg DM) + rolled barley (350), FBWB = faba bean-wheat silage (650) + rolled barley (350), PWB = pea-wheat silage (650) + rolled 
barley (350), orthogonal contrasts: 1 = Angus vs. Nordic Red, 2 = GS vs. whole crop legume-cereal silages (FBW + PW), 3 = FBW vs. PW, SEM = standard error 
of mean, Sensory analysis: scale from 1 to 7, tenderness: 1 = very tough, 7 = very tender, juiciness: 1 = very dry, 7 = very juicy, beef flavour: 1 = very non beef 
like, 7 = very beef like. 
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Introduction 
Mathematical models have proven to be a powerful tool for improving animal performance 
(Tedeschi et al. 2005). A new model for prediction of feed intake under Scandinavian 
conditions could help optimize beef cow feeding and, thereby, improve productivity in cow-
calf herds. Nørgaard & Mølbak (2001) have presented a linear model describing net energy 
intake (NEI) relative to metabolic bodyweight (BW) as a linear function of the chewing index 
(CI) of the ration for lactating dairy cows, non-lactating non-pregnant cows, growing steers 
and bulls fed forages ad libitum and concentrates restrictively. They found that the NEI 
decreased with increasing dietary CI: NEI=NE0-b*CI. The slope values were highly 
correlated with the squared intercept values (NE0). Nørgaard & Mølbak (2001) hypothesized 
that the NE0 was the theoretical maximum energy intake capacity of cattle. This model was 
able to describe feed intake over two very different physiological stages; lactation and growth. 
Hence, the model could possibly be used to describe feed intake of pregnant beef cows. 
It has been observed that feed intake decreases in the late stages of pregnancy in dairy heifers 
(Ingvartsen et al. 1992) and there was also a tendency for a decreasing intake in pregnant beef 
cows (McGee et al. 2005). This is counterintuitive as requirements of cows rise with growth 
of the foetus, suggesting that intake should increase with increasing pregnancy, especially 
during late pregnancy. The decreasing intake could be related to hormonal changes of appetite 
(Ciccioli et al. 2003), increasing body condition score (BCS; Thompson et al. 1983) and the 
growing foetus limiting ruminal space (Forbes 1970; Robinson 1999). 
The aim of this study was to modify the linear relationship between NEI and CI of feed 
rations as described by Nørgaard & Mølbak (2001) to be used for Scandinavian beef cows 
during pregnancy. Within the linear model, it was intended to test different variations of the 
model to describe the decreasing feed intake with increasing pregnancy, either as a direct 
effect of the week in pregnancy, or as an effect of change in BW during the pregnancy period. 
Materials and Methods  
The investigation was based on feed intake data from two experiments at Götala Beef and 
Lamb Research Centre, Swedish University of Agricultural Sciences, Skara, Sweden. The 
data consisted of weekly group mean feed intake values from 84 pregnant beef cows, 
distributed on seven different dietary treatments. In Exp. 1, the cows were housed in groups of 
four animals, in Exp. 2, the cows were housed in groups of three animals. Hereford and 
Charolais breeds were included in Exp. 1, whereas only Hereford cows were used in Exp. 2. 
In Exp. 1, the mean initial BW was 690 (sd=16) kg for the Hereford cows and 769 (sd=9) kg 
for the Charolais cows. In Exp. 2, the mean initial BW of the Hereford cows was 725 (sd=50) 
kg. The cows were weighed every week in Exp.1 and every second week in Exp. 2. All cows 
were multiparous, and all cows gave birth to one calf after the experiments, except for one 
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cow that lost her calf during Exp. 1 and three cows that gave birth to twins after Exp. 2. All 
cows were fed ad libitum roughage. The diets in Exp.1, which was conducted in 2012/2013, 
were either grass dominated silage (G1), reed canary grass silage (RC1) or whole-crop oat 
silage (WCO). The diets in Exp. 2, which was conducted in 2013/2014, were either 
Festulolium silage (FE; a cross between tall fescue and perennial ryegrass), grass dominated 
silage (G2), reed canary grass silage (RC2) or barley straw (BS; Table 1). The FE, BS and 
WCO diets were supplemented with urea and the BS diet was also supplemented with 0.50 kg 
dry matter (DM) rapeseed meal until eight weeks before expected calving and with 0.69 kg 
DM until calving. For all diets, the theoretical chopping length of the roughage was 70 mm. 
Table 1. Nutritional characteristics1 of the different diets in the two experiments represented as treatment means 
within experiment, with standard deviations in brackets. The number of observations for the treatment means is 
given by n 
Exp. Diet NDFr (g/kg 
DM) 
n = 2-3 
iNDFr (g/kg 
NDF) 
n = 2-3 
CPr  
(g/kg DM) 
n = 2-3 
IVOMDr (%) 
n = 1-2 
NEL20 (MJ 
NEL20) 
n = 1-2 
CIcor (min/ MJ 
NEL20) 
N = 228 
1 G1 585 (14.0) 223 (8.5) 83 (3.5) 77   5.3 16.6 (0.39) 
1 RC1 651 (9.6) 311 (2.6) 119 (1.2) 63  4.3 24.2 (0.38) 
1 WCO* 546 (47.5) 343 (18.7) 45 (4.2) 63  3.9 22.6 (1.80) 
2 FE* 544 (9.6) 208 (8.9) 99 (2.6) 78 (1.2) 5.3 (0.10) 15.2 (0.62) 
2 G2 571 (15.0) 280 (8.5) 109 (2.9) 70 (0.37) 4.7(0.06) 18.8 (0.33) 
2 RC2 639 (10.6) 348 (12.0) 135 (12.0) 59 (1.16) 4.0 (0.04) 26.0 (0.59) 
2 BS*† 772 (11.7) 255 (4.4) 72 (2.8) 63 (0.65) 3.7 (0.02) 31.7 (0.55)  
Mean  626 (85.6) 276 (51.9) 89 (41.1) 68 (0.85) 4.5 (0.62) 22.6 (6.10) 
1 G1=Grass silage from Exp. 1, RC1=Reed canary grass silage from Exp. 1, WCO=Whole-crop oats silage, FE= 
Festulolium silage, G2=Grass silage from Exp. 2, RC2= Reed canary grass silage from Exp. 2, BS= Barley 
straw. NDFr is neutral detergent fibre concentration of roughage (g/kg DM), iNDFr is indigestible NDF 
concentration of the roughage (g/kg NDF), CPr is crude protein concentration of roughage (g/kg DM), IVOMDr 
is the in vitro organic matter digestibility of the roughage (% of organic matter). CIcorr is the CI values for the 
ration calculated by the NorFor method and corrected for BW and roughage NDF intake per BW. *Roughage 
supplemented with urea, †Roughage supplemented with rapeseed meal. 
The NEI was calculated from the estimated apparent digestibility of crude protein, crude fat 
and carbohydrates at a standard daily DM intake of 20 kg (NEL20) as customary in the 
NorFor digestive kinetic model (Volden & Nielsen 2011) and expressed per kg metabolic BW 
(NEI; MJ NEL20 per kg BW0.75per day), were BW is the mean BW in early pregnancy. The 
concentration of rumen indigestible neutral detergent fiber (iNDF) in Exp. 2 was estimated 
from the NDF concentration and in vitro organic matter digestibility based on the work by 
Eriksson (2010) and Åkerlind et al. (2011). The NorFor CI value of the roughages was 
estimated from the concentration of NDF, the iNDF concentration (g per kg NDF) and the 
theoretical chopping length (mm; Nørgaard et al.,  2011). The CI values were corrected for 
BW at start of the experiments and for the deviations of roughage NDF intake from 0.7% of 
the BW (Nørgaard et al., 2011). The CI was expressed in min per MJ of NEL20. The  
rapeseed meal used in Exp. 2 was given a CI value of 4 min/kg DM as described by Nørgaard 
et al. (2011). The NEI was analysed as a function of corrected CI as described in Equation 1: 
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NEI = NE0- k*NE02 *CIcor+ԑ   (Equation 1) 
where NEI is the net energy intake (MJ NEL20/day/kg BW0.75), NE0 is the intercept (MJ 
NEL20/d/kg BW0.75), and is considered the theoretical intake capacity, k*NE02 is the slope 
(unit for k is day*kg BW0.75/min), which describes the reduction in energy intake with 
increasing CI, and CIcor is the CI of the ration corrected as described above (CI; min/MJ 
NEL20). The unit of k is day*kg BW0.75/min (an arbitrary unit) to achieve unit balance. 
In the present investigation numerous variants were applied to the NE0 and k of the model. 
NE0 and k were tested as a linear function of week of pregnancy, and NE0 were tested as a 
linear function of change in BW during pregnancy (Table 2, columns 1 and 2). The change in 
BW during pregnancy describes the accumulated change in BW from the start of each 
experiment (ΔBW). The different models were described by non-linear mixed effects 
modelling in R (version 2.15.2). The different model variations were compared by Bayesian 
information criterion (BIC; Schwartz, 1978), R-square and root mean squared prediction error 
(RMSPE; Bibby and Toutenburg 1977), but not on external data. The linearity of the models 
were evaluated by plots of normal quantile plots and by residual plots, and the systematic 
effects were tested by Walds test.  
Results and Discussion 
A visualization of NEI as a function of the corrected CI of the rations showed a pattern 
suggesting a linear relationship (Figure 1).  
Table 2 shows that Model 6 had the highest R2, the lowest BIC and a RMSPE closest to 0, 
thus, this model was the best estimate for describing Equation 1.  
The standardized residual plot of Model 6 showed no pattern of distribution, and the normal 
quantile plot showed a linear relationship between quantiles of standard normal residuals 
versus standardized residuals. The estimates of Model 6 are presented in table 3.  
Model 6 uses the accumulated change in BW to describe the change in theoretical intake 
capacity, NE0, suggesting that the change in BW is a key factor in determining the change in 
the theoretical intake capacity of a pregnant beef cow, and that the theoretical intake capacity 
decreases with increasing ΔBW.  
The cows in this study increased in BW over the pregnancy period, some of them as much as 
140 kg (results not shown). This suggests that they were gaining BCS as well as increasing 
foetal BW. The cows that gained most BW decreased their feed intake, as supported by 
Model 6. In Model 6 NE0 is a function of ΔBW, indicating that the metabolic capacity of the 
cows declined with increasing ΔBW. This could explain the observed decline in feed intake 
with increasing pregnancy (Ingvartsen et al. 1992, McGee et al. 2005) and further supports 
the findings of Thomson et al. (1983) that increased BCS of pregnant Angus-Hereford beef 
cows was associated with a lower energy requirement. 
Conclusions 
This study supports the hypothesis that NE intake of pregnant beef cows decreases linearly 
with increasing dietary chewing index. When the slope is proportional to the squared 
intercept, the theoretical intake capacity appears to be negatively related with accumulated 
BW changes. Change in BW with increasing pregnancy results in a decrease in theoretical 
intake capacity, and explains better the decrease in feed intake observed with increasing 
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pregnancy stage than week of pregnancy. Thus, the model proposed by Nørgaard & Mølbak 
(2001) expanded with change in BW could also be relevant for pregnant beef cows.  
 
 
   
Figure 1. Daily NEI as a linear function of the dietary chewing index in pregnant beef cows fed concentrate 
restrictively and roughage ad libitum. In Exp.1, G1, RC1 and WCO correspond to the treatments grass silage, 
reed canary grass silage and whole crop oat silage. The open points represent the light breed, Hereford, and the 
closed points represent the heavy breed, Charolais. In Exp. 2, FE, G2, RC2 and BS correspond to the treatments 
Festulolium silage, grass silage, reed canary grass silage and barley straw. The line corresponds to a simple 
linear regression made on NEI=CIcor. 
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 Table 2. Variations of the model NEI= NE0- k*NE02*CIcor, by number (No) and accompanying fixed (F) and 
random (R) effects1. For each model the r-square (R2), the Bayesian information criterion (BIC) and the root 
mean squared prediction error (RMSPE) are given 
 No Model R2 BIC RMSPE 
1 
F 
R 
NEI= NE0- k(week)*NE02*CIcor+ԑ 
k = p + q*week    
NE0,week,exp = α + Aweek,exp + Bexp   
 
0.87 -801 0.038 
2 
F 
R 
NEI= NE0(week)- k*(NE0(week))2*CIcor+ԑ  
NE0 = n + m*week    
kweek,exp = β + Aweek,exp + Bexp   
 
0.86 -797 0.039 
3 
F 
R 
NEI= NE0(week)- k(week)*(NE0(week))2*CIcor+ԑ 
NE0=n + m*week,  k = p + q*week  
NE0,exp = α + Aexp , k=β + Bexp     
0.87 -796 0.038 
4 
F 
R 
NEI= NE0(week+∆BW)- k(week)*(NE0(week+∆BW))2*CIcor+ԑ 
NE0=n + m*week+l*∆BW,      k = p + q*week    
NE0,exp = α + Aexp , k=β + Bexp   
0.87 -791 0.038 
5 
F 
R 
NEI= NE0(∆BW)- k(week)*(NE0(∆BW))2*CIcor+ԑ 
NE0=n + m*∆BW,  k = p + q*week    
NE0,exp = α + Aexp , k=β+ Bexp   
 
0.85 -773 0.040 
6 
F 
R 
NEI= NE0(∆BW)- k*(NE0(∆BW))2*CIcor+ԑ 
NE0=n + m*∆BW 
NE0,exp = α + Aexp , k=β + Bexp   
 
0.88 -814 0.037 
7 
F 
R 
NEI= NE0(∆BW)- k*(NE0(∆BW))2*CIcor+ԑ 
NE0=n + m*∆BW, 
NE0,period= α + Aperiod, k=β + Bperiod   
0.85 -776 0.041 
1 The ‘exp’ describes the experiment, and ‘week’ describes the week of pregnancy. ∆BW describes the 
accumulated BW changes from the initial BW to the specific week in pregnancy. P,q,l,n and m are constants 
used to describe a linear function. The α and β are general values of NE0 or k before applying random effect of 
experiment, or experiment and week within experiment, as noted by A and B.  
 
Table 3. Estimated parameter values from the linear regression NEI= NE0- k* NE02*CIcor, and the linear 
function of NE0(ΔBW)=n+m*( ΔBW), model 6, expressed with fixed effects, standard error and significance for 
the pregnant beef cows. 
Parameter Estimate SE P-value 
k (day*kg BW0.75/min) 0.02941 0.00097547 <0.001 
n (MJ NEL20/(day*BW0.75) 0.85048 0.094823 <0.001 
m (MJ NEL20/(day*BW0.75) -0.0003963 0.00020307 0.0522 
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Introduction 
Dairy farming will need to become more sustainable and incorporate environment enhancing 
practices. Moves towards a more sustainable dairy production are impeded by the low 
efficiency of nitrogen conversion from plant to animal protein. This constraint is particularly 
problematic with ensiled forage. Provision of additional energy in form of water soluble 
carbohydrates (WSC) might be a way of increasing nitrogen efficiency especially if this is 
combined with legume protein. Studies on this was performed in the EU funded program 
SWEETGRASS (Grazing and ensiling of energy rich grasses with elevated WSC content for 
sustainable production of ruminant livestock, QLK-CT-2001-0498). Perennial ryegrass of a 
standard cultivar (cv. Fennema) was compared with a cultivar bred in the UK for enhanced 
WSC content (cv. AberDart). In this paper, we focus on comparisons between predictions 
from the Nordic feed evaluation system NorFor (Volden, 2011) and results from the 
SWEETGRASS trials with respect to production and rumen function.  
Materials and Methods 
The experiments took place at the Kungsängen Research Centre with tied-up multiparous 
cows of the Swedish Red Breed. The trials were carried out according to an incomplete 
change-over design (Year 1 and 2 resp.): 16 or 12 cows; 4 or 3 blocks; 4 treatments and 3 
periods. The period lengths were 4 or 3 weeks for respectively year. The main recording of 
data took place during the last week of each period. Collection of urine and spot sampling of 
faeces were done on 8 cows each year. Four of the cows were rumen fistulated enabling 
extensive sampling of rumen content.  
Pure swards of the two cultivars of perennial ryegrass (Standard and high WSC) and red 
clover (cv. Vivi) were established in one year and harvested for the first time in the following 
year. The crops were wilted 24 hours before baling and wrapped with 8 layers of plastic. 
Kofasil UltraTM was used as an additive. In Year 1, the first and second cuts of both cultivars 
of grass and the first cut of red clover were used. In Year 2, poor winter survival of the rye-
grass disabled the possibility to feed different qualities of silage.  
The baled grass silages were mixed with red clover twice weekly and stored outdoors before 
feeding. In Year 1, the proportion was 75/25 grass/clover on DM basis. In Year 2, the 
different ryegrasses of both cultivars were first mixed into a basic grass silage mix. Then red 
clover was added, either in proportions of 75/25 or 50/50 (grass/clover). Household sugar 
(sucrose) was then mixed with the silages to create the targeted WSC contents of 10 and 20% 
on a DM basis. 
In both years, silages were fed ad lib., while concentrates were fed in fixed amounts. The 
concentrates were designed according to certified organic production and consisted of (per 
100 kg as fed): oats 26, barley 32, rapeseed cake 12, field peas 30. Feed samples were taken 
daily during the collection period and frozen for later analyses. Faeces were spot sampled in 
morning and afternoon on five consecutive days, frozen directly and later mixed and analysed 
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individually. Total urine collections were performed using collection cups attached to a 
harness on the cow by rubber strings and urine was lead to a container with 10 % sulphuric 
acid ensuring pH below 3. Urine amount was weighed daily, and sub-samples were frozen for 
later analyses. Spot samples of rumen liquid were taken at different times covering all 24 
hours of the day. These samples were frozen for later analyses of VFA and ammonia while 
pH was determined directly. Milk production was recorded on two consecutive days through 
TruetestTM and milk samples were taken and analysed at each milking. All analyses (chemical 
and statistical) were performed by standard methods as indicated by Bertilsson & Murphy 
(2003) and Volden (2011). Indigestible NDF was estimated in vitro as described by Eriksson 
(2010). 
Animal and feed characteristics and feed intake were used as inputs for theoretical 
calculations. The evaluation was performed with the Nordic feed system, NorFor® 2008, 
using the most recent equation set of the feed ration calculator (FRC version 1.81). . 
Calculations and estimates were made for rumen load index (the sum of sugar and rumen 
degraded starch divided by the sum of intake of NDF and sugar-free rest fraction) and the 
NorFor predicted milk protein yield, total excretion of nitrogen in faeces and urine and total 
digested NDF and nitrogen. 
Results and Discussion 
In Year 1 (Table 1a), there were no differences in WSC between cultivars, but there were 
significant differences between cuttings. While WSC content in the herbage was as high as 
180 g x kg DM-1 in the high WSC ryegrass in the first cut, it was around 130 g after ensiling 
and finally after being mixed with 25% red clover, it was around 110 g (see Table 1a). The 
standard WSC ryegrass had a somewhat lower WSC content. There were only numerical 
differences in production results due to rye-grass cultivar but some significant although small 
intake differences, with largest intake from 1st cut. When fed 1-st cut silage, the cows  
Table 1a. Chemical composition of the diets in Year 1 in g kg-1 DM, unless otherwise stated.  Means and 
standard deviations (within brackets) 
  Standard WSC*  High WSC*  Concentrate 
  1-st cut 2-nd cut 1-st cut 2-nd cut  
DM  468 (3) 370 (1) 440 81)       406 (2) 872 (1)) 
Ash  86 (3) 103 (1) 90 (1) 104 (2) 36 (2) 
WSC  100 (3) 39 (12) 111 (14) 47 (4) 40 (2) 
CP  161 (0.3) 171 (1) 159 (1) 161 (0.3) 173 (3) 
NDF  404 (3) 434 (2) 413 (11) 422 (3) 202 (7) 
iNDF, g/kg NDF  154 138 160 132 265 
kdNDF, %/h  4.4 4.8 4.3 4.9 5.1 
*Silages are mixtures of ryegrass and red clover, 75/25 on DM basis. 
 
 
Table 1b Feed intake and milk production for cows fed different silages in Year 1 (kg x cow-1 x day-1). LS-
means, standard errors of the mean and p-values of differences 
  Cultivar and cut        
  Standard WSC High WSC  Difference (p<)   
 
  1-st cut 2-nd cut 1-st cut 2-nd cut SEM Cultivar Cut Cultivar*Cut 
Silage DM  14.8 15.1 15.5 13.9 0.5 0.4 0.03 0.002 
Concentrates DM  7.0 7.0 7.0 7.0 0.05 - - - 
WSC  1.75 0.85 2.01 0.94 0.06 <0.001 <0.001 0.003 
CP   3.58 3.78 3.54 3.44 0.5 0.0001 0.26 0.007 
ECM  30.2 29.9 30.0 29.4 1.0 0.60 0.50 0.75 
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consumed ca. 1 kg more WSC compared to when fed the 2-nd cut (Table 1b). There were 
tendencies for less N in urine and more in faeces when more WSC was consumed (figures not 
shown). It should, however, be noted that the CP intake was lower when WSC intake was 
higher (See Table 1b). 
In Year 2, the different levels of WSC content in silage were created by mixing sugar into the 
silage mixtures. By this, the WSC content in the silage was raised from just above 100 g to 
190-200 g x kg DM-1 (Table 2a). When adding sugar to the diet, the WSC intake was nearly 
doubled. Although the differences in production result were small, it is interesting to note that 
concentrate refusals increased (shown as lower concentrate intake, Table 2b) when WSC 
intake increased. Nitrogen partitioning to urine decreased, while there was an increase in 
faeces. N in milk as proportion of N in feed increased significantly from 0.23 to 0.26 with 
higher sugar content in the diet, as a mean across both clover inclusion levels (data not 
shown).  
Table 2a Chemical composition of the diets in Year 2, g x kg DM-1 unless otherwise stated. Means and standard 
deviations (within brackets) 
  Clover251 
No sugar 
Clover501  
No sugar 
Clover251  
 Plus sugar 
Clover501  
Plus sugar 
Conc.  
DM  320 (8) 325 (15) 347 (2) 334 (5) 874 (9)  
Ash  89 (1) 87 (4) 82 (1)  84 (1) 33 (1)  
WSC  115 (4) 102 (6) 198 (16) 189 (6) 49 (4)  
CP  175 (3) 169 (4) 162 (2) 158 (4) 177 (0.2)  
NDF  388 (8) 386 (9) 360 (9) 348 (8) 179 (5)  
iNDF, g/kg NDF  192 210 176 207 265  
kdNDF, %/h  5.3 5.3 5.6 5.6 5.1  
1No. after ‘clover’ indicates red clover proportion of DM in silage.  
Table 2b Feed intake and milk production when fed silage in Year 2 (kg x cow-1 x day-1, n=12). LS-means, 
standard errors of the mean and p-values of differences 
  Sugar and clover proportion        
  No sugar Sugar  Difference (p<)  
 
  25% 50%   25% 50% SEM Sugar Clover Sugar*Clover 
Silage DM  13.9 14.4 14.5 14.3 0.7 0.44 0.63 0.27 
Concentrates DM  6.7 6.7 6.6 6.4 0.1 0.02 0.32 0.50 
WSC  1.59 1.46 2.84 2.70 0.11 <0.0001 0.07 0.99 
CP  3.50 3.56 3.37 3.47 0.14 0.20 0.39 0.65 
ECM  27.1 26.8 26.6 28.1 1.0 0.63 0.47 0.82 
In Year 2 there were generally no differences between treatments in production results 
(neither in ECM nor feed consumption), even though the sugar intake differed substantially in 
the experiment.  
Higher sugar content in the diet lead to a significant reallocation of nitrogen from urine to 
faeces (data not shown). This might be explained by higher rumen microbial efficiency when 
sugar intake was higher. Higher sugar intake also led to lower pH in the rumen, lower 
concentration of branched VFA in the rumen and lower NDF digestibility (Figures 1 – 3). The 
decreased concentration of the branched VFA, isobutyrate and isovalerate, which are derived 
from leucine and valine (Van Soest, 1994), can be explained by that the rumen 
microorganisms prefer sugar as energy source over amino acids. 
The rumen load index calculated in the Norfor system was strongly correlated to the sugar 
intake. Hence, the increased rumen load index, due to higher sugar intake, was also negatively 
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correlated with rumen pH (Figure 1) as well as the sum of isovalerate and isobutyrate (Figure 
2). 
 
Figure 1 Average pH in the rumen (LSMEANS) as affected by the rumen load index in the diet (RLI) calculated 
in the NorFor system. Treatment means (left) and individual observations (right). pH less than 5.8 is regarded as 
a critical level (Nocek, 1997) and shown as a dotted line. The treatments Year 1 were ryegrass cultivars of High 
WSC and Standard WSC from 1st and 2nd cut (High 1; High 2; Std 1; Std 2). The treatments Year 2 were no or 
extra sugar added and included red clover were 25 or 50% on DM basis in the silage mixture (No25; No 50; Plus 
25; Plus 50). 
 
Figure 2 Ruminal concentrations of branched VFA, sum of isovalerate and isobutyrate, as affected by rumen 
load index. Treatment means, individual observations and legend details as in Figure 1. 
NorFor predicted lower total digestibility of NDF when sugar intake was higher (Figure 3). A 
decrease in the degradation rate of the NDF in the rumen (kdNDF) was also predicted by an 
increased rumen load index 
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Figure 3 Total digestible NDF (g x day-1) observed plotted against NorFor estimates. Treatment means, 
individual observations and legend details as in Figure 1. 
 
Figure 4 Observed milk protein production (g x day-1) plotted against NorFor estimates. Treatment means, 
individual observations and legend details as in Figure 1. 
NorFor estimated milk protein production well with an error of estimate of 40 g/d (Table 3). 
Similar results have also been shown by Broderick et al. (2013) on American experiments and 
Volden et al. (2011) on Nordic experiments. 
Table 3 Accuracy and precision of NorFor estimated digested NDF and N, Nitrogen excreted in faeces and urine 
and milk protein production (g x day-1) compared with observed individual results. MPE = Mean Prediction 
Error, RMSPE = Root Mean Square Prediction Error 
 n Intercept Slope R2 MPE, % RMSPE, g 
Digested NDF 45 - 48 0.89 0.60 18 740 
Digested  N 45 11 0.96 0.58 8.5 32 
Faecal-N 45 46 0.76 0.21 17 32 
Urine-N 48 110 0.28 0.10 39 70 
Milk protein 48 52 0.93 0.90 4.5 40 
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Conclusions 
The effects on production from large dietary contrasts in sugar concentration were small. 
Rumen concentrations of branched VFA decreased with higher sugar intake, suggesting less 
fermentation of amino acids. The NorFor model predicted individual milk protein yields well. 
Rumen load index was correlated with treatment means for rumen pH, although individual 
observations displayed a considerable variation around the means. 
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Introduction 
Iodine is an essential part of the thyroid hormones triiodothyronine (T3) and thyroxin (T4), 
and the main storage of iodine in the body is in the thyroid gland. Adults have an iodine 
requirement of 150 µg/day (NNR, 2012). Because the thyroid hormones are important for the 
development of brain and neural tissue in the fetus and newborn child (Skeaff, 2011; 
Zimmermann, 2012), pregnant and lactating women have a higher need of iodine. Before 
1950 endemic goiter was common, especially in inland areas of Norway (Frey et al., 1993). 
Therefore, in 1950 the Department of Agriculture required adding 2 mg I/kg to cattle feed. 
The high transfer of iodine from feed to milk combined with a high consumption of dairy 
products has made milk the primary iodine source for Norwegians (Frey et al., 1993; Dahl et 
al., 2003a; Dahl et al., 2004). In year 2000, reported milk iodine content was 98 and 232 µg/L 
in summer and winter milk, respectively (Dahl et al., 2003b). In year 2008, milk from 19 
milk-collecting tours showed a reduction in iodine concentration of winter milk to only 122 
µg/L (Haug et al., 2012). The reason for this dramatic reduction in milk iodine concentration 
is not known, but a main suspected is increased use of rapeseed product in concentrates for 
dairy cows.  
Reduction in milk iodine concentration when feeding rapeseeds or rapeseed products to dairy 
cow is known (Papas et al., 1979; Emanuelson, 1989; Franke et al., 2009). The main 
explanation is that glucosinolates (GSLs) in the rapeseed by action of the enzyme myrosinase 
are degraded to toxic compounds like isothiocyanates (ICT), thiocyanates (SCN), nitriles and 
goitrin both during processing of the feed and during digestion of the feed in the animal 
(Fenwick et al., 1982). The sodium iodide symporter (NIS) is the main transport mechanism 
for transferring iodine from blood into the mammary and thyroid gland (Browngrant, 1957; 
Levy et al., 1997; Spitzweg et al., 1998). In the NIS, the SCN ion act as a competitive 
inhibitor of iodine (Vanderlaan & Vanderlaan, 1947; Browngrant, 1957; De la Vieja et al., 
2000), reducing milk iodine content.  
In dairy cow feeding, introduction of varieties of rapeseeds with low content of GSLs, and use 
of heat-treated rapeseed meals, have reduced the attention to GSL as a problem. However, the 
study of Franke et al. (2009) challenge this. In their study, iodine in milk was considerably 
reduced even though the rapeseed product used was low in GSLs. In 2008, when the study of 
Haug et al. (2012) was conducted, 83 415 metric tons of rapeseed products were imported, 
whereas the import in 2000 was only 2396 metric tons (Felleskjøpet, 2012). Most of the 
imported rapeseed products are used in dairy cow feeds. In addition, a high proportion of 
these rapeseed products are rapeseed cakes less heat-treated than traditional solvent extracted 
rapeseed meals.  
To explore the influence of the various rapeseed products used in feed to dairy cows on milk 
iodine concentration, a three-year project started in 2012. This report give some preliminary 
results from two experiments carried out in this project. The project is founded by Fondet for 
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Forskningsmidler fra Landbruksprodukter (FFL), Tine BA and Felleskjøpet Fôrutvikling and 
administered through the Norwegian Research Council.  
Materials and Methods 
In both experiments, cows of Norwegian Red cattle in mid lactation with a milk yield of 27-
28 kg/day were fed a diet consisting of 10 kg concentrates and grass silage ad libitum. The 
control concentrate consisted of barley, oat, wheat bran, molasses, dry fat and soybean meal. 
In the rapeseed containing concentrates, the soybean meal was exchanged with 20 % 
(Experiment 1) and 14 % (Experiment 2) (w/w) rapeseed cake or rapeseed meal. Iodine in the 
form of calcium iodate anhydrous (Ca(IO3)2) was included in the concentrate in a 
concentration of 3.5 and 5.5 mg per kg dry matter (DM) in Experiment 1 and Experiment 2, 
respectively. 
Experiment 1- increasing level of rapeseed cake 
The effects of increasing level of rapeseed cake were studied in 8 dairy cows in a 4 x 4 Latin 
square design, using 14 day periods. There were produced two concentrates, one control 
concentrate and an experimental concentrate with a rapeseed cake with a GSL content of 1.07 
mmol GSL/kg. The two concentrates were used to compose four diets consisting of 0, 3, 7 
and 10 % rapeseed cake of the total dry matter intake (DMI). Milk samples were taken on 
days 4, 7, 11, 13 and 14 of each period. Only samples from day 11, 13 and 14 were used in 
the calculations as iodine in milk has reached a steady state after 11 days (Franke et al. 2009).  
Experiment 2- rapeseed products with different glucosinolate levels  
The effects of rapeseed product and increasing GSL intake were studied in four dairy cows in 
a 4 x 4 Latin square design using 21 day periods. The four treatments included four different 
concentrates, one without any rapeseed product (control), one with rapeseed cake with low 
content of GLS (RSC-low), one with rapeseed cake with “high” content of GLS (RSC-high) 
and one with rapeseed meal (RSM). The two RSCs had a GSL content of 0.93 and 13.95 
mmol per kg, whereas the GLS content in RSM was 6.05 mmol per kg. Separate morning and 
evening milk samples were taken at days 3, 4, 12, 13, 18, 19, 20 and 21 in each period. The 
samples from day 18 to 21 were used for the calculation of milk iodine content. 
Analyses and statistics, Experiment 1 and 2 
Glucosinolates in the rapeseed products and the concentrates were determined according to 
the ISO 9167:1-1992 method (ISO, 1992) using HPLC and photodiode array detection 
(HPLC-DAD). The iodine content in the silage and concentrate samples was determined 
according to Fecher et al. (1998), whereas iodine in milk samples was determined according 
to Nobrega et al. (1997). In all samples matrices, the concentration of the iodine was detected 
with an Agilent 8800 QQQ inductively coupled plasma mass spectrometer (ICP-MS) (Agilent 
Technologies, USA).  
The data were analyzed using the MIXED procedure in SAS (version 9.4, SAS Institute Inc., 
Cary, NC, USA) with cow as random and period and treatment as fixed effects. In milk, 
iodine from different days were treated as repeated measurements.   
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Results and Discussion 
Experiment 1 
The total iodine intake of the cows was between 30-39 mg/day. The GSL intake was <0.01, 
0.96, 2.23 and 3.19 mmol/day for rapeseed level 0, 3, 7 and 10 %, respectively. With 
increasing GSL intake, it was a significant (P < 0.05) decrease in iodine concentration in milk 
(Figure 1). 
 
 
Figure 1. Iodine concentration in milk (mg/kg) at GSL intake of <0.01, 0.96, 2.23 and 3.19 
mmol/day (LSmeans ± SEM (standard error of LSmeans) of day 11, 13 and 14, n = 24).  
a-d LSmeans with different superscripts differ (P < 0.05). 
Experiment 2 
The iodine intake in this experiment was between 50-57 mg/day per cow. There were 
significant differences in the iodine concentration in milk between the rapeseed free control 
diet and the three rapeseed containing diets (Figure 2). There were small differences in iodine 
content in milk between the rapeseed diets, but the RSC-high diet was significantly lower in 
milk iodine content than the RSC-low diet (Figure 2).  
The concentration of GSLs in the feed used in the present studies was low compared to other 
studies (Papas et al., 1979; Laarveld et al., 1981a; Laarveld et al., 1981b; Hermansen et al., 
1995). In spite of that, rapeseed products in the diet strongly reduced the transfer of iodine 
from feed to milk. Reduced milk iodine concentration when including rapeseed in the diet is 
in agreement with earlier experiments (Papas et al., 1978; Papas et al., 1979; Laarveld et al., 
1981b; Franke et al., 2009). In contrast to our study, Papas et al. (1978; 1979) and Laarveld et 
al. (1981b) did not observe any differences between the different rapeseed levels when GSL 
intake of the cows raised from 20.4 up to as high as 314.2 mmol/day. Hermansen et al. (1995) 
state that increased GSL intake has no additive effect on milk iodine reduction, and that 
maximal reduction effect is achieved at less than 50 mmol GSL/day even with a low level of 
rapeseed in the diet. Subuh et al. (1995) suggested that the liver is capable of detoxifying GSL 
metabolites like nitriles to less toxic components like SCN up to a certain level. If that is true, 
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a threshold is probably induced at relatively low concentrations of GLS in the diet. Even 
though the results are not so clear in Experiment 1 they indicate that the reduction when going 
from 7 to 10% rapeseed cake in the diet is smaller and less significant than going from 3 to 
7%. Together with the results in Experiment 2, this indicate that the maximal effect GSLs 
have on reducing iodine in milk is achieved at GSL intakes considerably lower than the 50 
mmol/day Hermansen et al. (1995) state, and the 20.4 mmol/day indicated by Laarveld et al. 
(1981b). Metabolites of GSLs like SCN were not detected in the feed. Thus, the observed 
effects most likely is not explained by transformation of GLS to these compounds before 
ingestion of the rapeseed cake. However, although they were not detected in the feed, 
competitive inhibition by SCN in transferring iodine from blood into milk cannot be excluded 
as an explanation to reduced iodine content in milk. 
 
Figure 2. Iodine concentration in milk (mg/kg) at GSL intake of <0.01, 0.93, 3.16 and 7.93 
mmol/day of the Control = without rapeseed products, RSC-low = rapeseed cake with low  
GSL content, RSM = rapeseed meal and RSC-high = rapeseed cake with “high” GSL content 
(LSmeans ± SEM of day 18 and 20, n = 8). a-c LSmeans with different superscripts differ (P < 
0.05). 
Conclusions 
The rapeseed products used in the studies were low in GSLs and no GSLs metabolites were 
detected in the feed. In spite of that, iodine in milk was considerably reduced when using 
rapeseed products in the feed. Even though thiocyanate was not detected, competitive 
inhibition by thiocyante cannot be excluded as an explanation to reduced iodine content in 
milk.  
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Introduction 
Limited land resources and increasing food demand puts pressure on agriculture and 
especially protein supply restricts increase in animal production. Indeed, it is no longer 
environmentally sustainable to increase the area of land used for farming, as this will further 
contribute to climate change (Steinfeld et al., 2007). In order to support the needs of the rising 
world’s population, farming has to intensify drastically so that more products are produced 
more rapidly from the same land area. On the other hand, marine waters hold the majority of 
the total world area and possess potential biomass, e.g. seaweeds, that could be utilized for 
feeding animals. These alternative feedstuffs can be used to decrease the dependency on 
conventional feedstuffs like soybeans. Use of seaweeds in animal feeding is not new; people 
living on coastal areas have fed their animals with seaweeds especially during lean feed 
seasons (Dunlop, 1953; Evans & Critchley, 2013). In the past, studies have focused on 
individual seaweeds or seaweed meal fed to small ruminants with respect to their nutritional 
value (Ventura & Castañón, 1998). In certain seaweed species, the crude protein (CP) content 
can reach 47% of the dry matter (DM) (Arasaki & Araski, 1983; Burtin, 2003). The nutritive 
value of seaweeds for ruminants varies widely and depends upon species, composition, and 
animal adaptation to that specific species. However, in vivo studies on protein digestibility of 
seaweed in dairy cows are scarce. The aim of this study was to evaluate the effect of season 
and seaweed species on the protein value for ruminants.  
Materials and Methods 
Three seaweed species (the green Acrosiphonia sp., the brown Pelvetia canaliculata and the 
red Porphyra sp.; hereafter Acrosiphonia, Pelvetia and Porphyra, respectively) were sampled 
in spring (March) and autumn (October and November) 2014 at the coast of Bodø in northern 
Norway.  
Three dry rumen fistulated (#1C, Bar Diamond Inc., Parma, ID, USA) Danish Holstein cows 
were fed a standard ration (67:33 forage to concentrate ratio) at maintenance level and used 
for rumen incubations. Three duodenally canulated Danish Holstein dairy cows maintained on 
a 60:40 forage (grass and maize silage) to concentrate ratio (DM basis) diet were used for 
intestinal incubations of mobile bags. All cows had free access to fresh drinking water.  
The samples were freeze dried before milling on a 1.5-mm screen with a cutter mill. The CP 
values were estimated as N×6.25 after N analysis by the Kjeldahl method. The samples were 
incubated in the rumen for in situ protein degradation at 8 time intervals (0, 2, 4, 8, 16, 24, 48 
and 96 hours) using Dacron bags (38 µm pore size) according to the standard NorFor 
procedure (Åkerlind et al., 2011). For the total tract digestibility, mobile bags (Dacron, 12 µm 
pore size) were ruminally pre-incubated for 16 h before pepsin-HCl treatment and incubation 
in the small intestine through the duodenal cannula, where after the bags were recovered in 
the faeces (Hvelplund & Weisbjerg, 2000).  
Proceedings of the 6th Nordic Feed Science Conference                                                      107 
 
Ruminant nutrition 
 
Degradation profiles of CP were fitted assuming an exponential degradation profile including 
a lag time using PROC NLIN in SAS (9.4 version, SAS Institute Inc.).  
Rumen degradable CP was estimated as effective rumen protein degradability (EPD) at 5% 
rumen fractional passage rate (Åkerlind et al., 2011), but also including lag time:  
EPD = a + (b(c/(c+kp)))×(exp(-(c+kp)×lt)), where a is soluble fraction, b is degradable but 
not soluble fraction, c is fractional rate of degradation, kp is fractional rate of passage 
(0.05/h), and lt is lag time (h). 
Indigestible CP was estimated as the CP residue in mobile bags after faecal recovery. 
Intestinally degradable CP was estimated as rumen degradable CP minus indigestible CP. 
Rumen degradable, intestinal degradable and indigestible CP was reported as g per kg of 
original DM.   
All data were analysed using PROC Mixed Model by SAS 9.4 version (SAS Institute Inc.) 
with species and season as fixed effects and cow as a random effect. 
Results and Discussion 
Crude protein concentrations in the seaweed, and CP (as g/kg original DM) degraded in the 
rumen and in the small intestine, and fully indigestible, are given in Table 1. The ash 
concentration in all three species was generally high and differed among species (P<0.0001), 
the high concentration was probably due to growing in sea water with high salt concentration. 
Concentrations of CP showed a large variation among species and season. Samples collected 
in the spring had higher (P<0.0001) CP contents than in autumn. The highest CP in DM was 
measured in Porphyra sampled in spring (37%) and lowest in Pelvetia sampled in autumn 
(8%). Both Acrosiphonia and Porphyra provided a high supply of rumen degradable protein, 
however Acrosiphonia had a higher indigestible part and thereby Porphyra had the highest 
supply of intestinally degradable protein. About 50% of total protein intake from Porphyra 
was degraded in the small intestine. Pelvetia had low rumen degradability (33%, average 
across both seasons) and, together with the low protein concentration, it only supplied 90 g 
rumen degradable CP/kg original DM. Pelvetia showed a negative small intestinal 
degradability.  
Table 1 The ash and protein concentration in seaweed, and the amount of protein degraded in the rumen, in the 
small intestine, and indigestible (g/kg original DM) 
Species Season Ash CP  CP 
     Rumen degraded Small intestinal 
degraded 
Indigestible 
Acrosiphonia  Autumn 126.7 285.9  120.1 82.7 83.1 
Acrosiphonia. Spring 170.8 333.1  153.2 102.5 77.4 
Pelvetia  Autumn 210.1 75.0  21.8 -20.5 73.7 
Pelvetia  Spring 218.5 105.3  37.9 -9.1 76.5 
Porphyra  Autumn 106.5 320.6  121.8 162.5 36.3 
Porphyra  Spring 149.2 372.2  152.6 185.0 34.6 
        
P value Specie <0.0001 <0.0001  <0.0001 <0.0001 <0.0001 
  Season <0.0001 <0.0001  <0.0001 <0.0001 <0.0001 
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This might be due to methodological differences between the methods used for rumen and 
total tract mobile bag degradability, as e.g. pore size of the bags. Pelvetia did not fit the 
exponential curve model, which also might have affected the estimation of the effective 
rumen CP degradability. Species and season affected (P<0.0001) seaweed CP concentration 
and degradability.  
Different Porphyra species are traditionally used by humans especially in Asia because of 
their high nutritive values. Crude protein concentrations found in the present study are in 
accordance with Hasan and Chakrabarti (2009). On the other hand, Pelvetia has been fed to 
pigs (Chapman & Chapman, 1980) but there is no evidence of earlier studies in cows. There is 
scarcely any information available in the literature about CP values and protein digestibility 
values of these seaweed species in dairy cows.  
Conclusion 
The three seaweed species investigated had higher protein content in spring than in autumn. 
Both Porphyra and Acrosiphonia can supply the rumen with high amounts of rumen 
degradable protein but, due to both a high protein concentration and a low indigestible part, 
Porphyra can also supply a high amount of digestible protein to the small intestine. Pelvetia 
protein had a very low degradability in the rumen and the rumen escapable protein was not 
degradable in the small intestine, therefore, Pelvetia should not be used to feed dairy cows.  
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Introduction 
In organic farming there is a high demand to use locally produced protein feeds for ruminants. 
However, organic milk production is, in contrast to crop production, a component of farming 
that has relatively low nitrogen efficiency as only a small part of the nitrogen fed to animals is 
found in the milk protein. Organic diets for dairy cows are to a large extent based on grasses 
and legumes with relatively high levels of rumen degradable protein (RDP) (Hedquist & 
Udén, 2006). On many farms, nitrogen efficiency is unnecessarily low and the cost for protein 
feed is relatively high due to overestimation of the marginal response to protein 
supplementation. There are, however, other options to influence quality and concentrations of 
protein in organic diets by using legumes such as field pea (Pisum sativum) and horse bean 
(Vicia faba). They have two advantages: they can be locally produced and can fix atmospheric 
N. Other benefits with peas are high digestibility and high energy concentration (high starch, 
low indigestible neutral detergent fibre; NDF) and they are therefore ideal substrates for 
microbial protein synthesis in the rumen.  
One alternative to increase microbial protein (MP) input is using protein-rich feeds that are 
artificially protected from ruminal degradation. Various physical and chemical treatments 
have been used to pursue this objective. One of these is a controlled heat application, which 
allows protein degradation in the rumen to be reduced through denaturation and Maillard 
reactions, reducing solubility and protein degradation rate in the rumen (Moshtaghi Nia & 
Ingalls, 1995). There have been studies reporting responses on dairy cows by the use of 
rumen un-degradable protein (RUP) supplements, such as heat-treated soy protein (Faldet & 
Satter, 1991). Protein feeds, differing in RUP, showed to have different flows of RUP and 
total protein from the rumen (Brito & Broderick, 2007). A possibility to increase nitrogen 
efficiency is to heat-treat the protein feed. Heat-treatment may reduce protein solubility in the 
rumen and increase the availability of starch. This may then reduce the supply of nitrogen in 
the rumen and increase the amount of energy available for rumen microbes, as has been 
shown in international studies using heat-treated dehulled lupines (Barchiesi-Ferrari & 
Anrique, 2011; Mogensen et al., 2008). The results from the literature show that there is a 
need for applied studies exploring the possibilities to better utilise nitrogen in organic dairy 
production by altering the energy and protein concentration in the diets. Utilising locally 
produced feeds will avoid over-feeding of expensive protein concentrates and unnecessary 
losses of nutrients to the environment. At farms, a small scale roasting equipment can be used 
to heat-treat whole seeds. There is, however, a lack of feeding trials to study the effects of 
such treatment on locally produced protein feeds in Sweden. The first objective of this study 
was to evaluate if the feeding value of heat-treated field beans (FB) could be improved. The 
second objective was to compare different protein supplements, which could be used in 
organic farming, on the performance of lactating dairy cows fed a grass silage based diet.  
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Materials and Methods 
Twenty-four lactating Swedish Red cows 95 days in milk (DIM) and average milk yield of 
29.1 kg per day in the beginning of the experiment were used in a cyclic change-over trial 
with three 21-d experimental periods. Six diets were fed ad libitum as total mixed rations 
(TMR) and the feed intake was recorded using Insentec intake controlled feeders (Insentec B. 
V., Marknesse, the Netherlands). The control diet consisted of grass silage and dried rolled 
barley [60:40, dry matter (DM) basis]. In the experimental diets, barley was replaced with 
rapeseed expeller (RSE; 104 g/kg diet DM), or isonitrogenous supplements of peas (232 g/kg 
diet DM), untreated FB (UFB; 140 g/kg diet DM), heat-treated FB (TFB; 140 g/kg diet DM) 
or heat-treated FB, providing the same dietary MP concentrations as UFB (TFB-MP; 80 g/kg 
diet DM), (Table 1). The silage was a second cut with 181 g/kg DM of crude protein (CP) and 
494 g/kg DM of NDF. Heat-treatment of FB was done with a farm-based roasting equipment 
(R-100E, Roastech, Blomfontein, South Africa). The machine was electrically (15 kW) 
heated and consisted of a drum with 3-mm holes. Roasting was conducted at a temperature of 
140°C and a turning frequency of 50 Hz which gave a passage time of 7.5-8 minutes. At the 
outlet of the drum, a cooling container was mounted on the machine to allow air-cooling of 
the roasted product. The outlet of the machine was directly into bags so the heat treated FB 
could be collected and processed further.  
Cows were milked twice a day (6 am and 3 pm) and were weighed on three consecutive 
mornings in the last days of each experimental period. Methane (CH4) and carbon dioxide 
emissions were measured with the GreenFeed system (C-Lock Inc., Rapid City, SD, USA). 
Recordings of feed intake, milk production and gases were made the last 7 days in each 
period.  
The data was analyzed with the MIXED procedure of Statistical Analysis Systems (SAS for 
Windows, version 9.3, SAS Institute, Cary, NC). The model included fixed effects of period, 
treatment and random effect of cow. For treatment comparison, the following contrasts were 
used: control vs. others, RSE vs. others excluding the control, UFB vs. peas, UFB vs. TFB-MP 
and UFB vs. TFB. The results are presented as least squares means.  
Results  
Protein supplementation had no effect (P>0.05) on DM intake (DMI); (18.8 vs. 18.2 kg/d), 
milk yield (23.8 vs. 23.5 kg/d) or energy corrected milk (ECM) yield (25.6 vs. 24.8 kg/d), as 
shown in Table 2. This was mainly because peas or FB supplemented diets did not increase 
milk and protein yield compared to the control diet. The RSE treatment increased milk (24.8 
vs. 23.6 kg/d) and protein yield (913 vs. 863 g/d) compared to other protein supplements. 
Heat-treated FB had no effect on DMI, milk or protein yield compared to UFB. Milk nitrogen 
efficiency (Milk N/N intake) decreased and MUN increased with protein supplementation 
compared to the control diet (306 vs. 265 g/kg and 3.01 vs. 3.92 mmol/L, respectively). The 
RSE supplemented diet tended to decrease (P= 0.09) CH4 production compared to other 
protein supplements (383 vs. 399 g/d) as given in Table 2. 
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Table 1 Ration ingredients and chemical composition (g/kg DM unless otherwise noted) 
Item2 
 Ration1  
CON RSE  Pea  UFB TFB TFB-MP 
Grass silage 600 600  600  600 600 600 
Barley 400 296  168  260 260 320 
Pea 0 0  232  0 0 0 
Rapeseed 0 104  0  0 0 0 
Field bean not-heat treated 0 0  0  140 0 0 
Field bean heat treated 0 0  0  0 140 80 
  DM, g/kg of fresh matter 347 349  349  348 349 349 
  CP 159 187  187  181 183 176 
  Crude fat 26 33  24  25 25 25 
  NDF 400 415  365  395 390 393 
  iNDF 45 56  37  40 40 41 
  ME, MJ/kg of DM 11.8 11.8  12.1  11.9 12.0 11.9 
1CON = control, RSE = rapeseed expeller, UFB = field bean not heat-treated, TFB = field bean heat-treated, 
TFB-MP = field bean heat-treated same metabolizable protein as UFB. 
2DM = dry matter, CP = crude protein, NDF = neutral detergent fibre, iNDF = indigestible NDF, ME = 
metabolizable energy. 
 
Discussion  
In a meta-analysis conducted by Huhtanen et al. (2011), based on digesta flow and rumen 
metabolism studies, it was found that the effect of chemical and physical treatments to reduce 
crude protein CP degradability do not result in expected improvements in CP supply to the 
small intestine. Our study is in line with the findings of Huhtanen et al. (2011) since the 
performance of the dairy cows did not change by heat treating FB. Results from an organic 
farming study with high-yielding dairy cows indicate that toasting decreases effective rumen 
protein degradability for diets including toasted lupins, barley and soybeans (Mogensen et al., 
2008). They reported that toasting of lupins tended to increase milk yield compared to the 
untreated lupins, whereas toasting of soybeans did not show any improvements. Our findings 
did not show any improvements on milk yield or ECM when FB was heat treated compared to 
the UFB diet. In agreement with our findings, several other experiments have shown that heat 
treatment does not affect milk fat (Pires et al., 1996) or milk protein content (Bertilsson et al., 
1994). The discrepancy between studies on the effect of heat treatment of feeds and 
performance of dairy cows and supply of MP under organic farming conditions can vary 
among feeds. In an in vitro evaluation Vaga et al. (2014) found that treatment method 
(autoclave vs. oven), temperature and the length of treatment affected the concentration of 
utilizable CP. It should be noted that increasing temperature and treatment period will 
increase processing costs and may decrease the concentrations of essential amino acids and 
decrease intestinal digestibility of undegraded CP. Further studies are therefore required 
before making any definite conclusions. 
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Table 2 The effect of diet treatments on feed intake, milk yield and nutrient consumption of dairy cows 
Item 
Ration1  Contrasts (P – value)2 
CON RSE PEA UFB TFB TFB-MP SEM3 C vs. O R vs. O UFB vs. PEA 
UFB vs. 
TFB-MP 
UFB 
vs. TFB 
DMI, kg/d 18.2 19.0 19.0 18.7 18.7 18.6 0.37 0.13 0.33 0.58 0.80 0.98 
CP intake, kg/d 2.90 3.55 3.44 3.35 3.32 3.15 0.072 <0.01 <0.01 0.33 0.04 0.79 
NDF intake, kg/d 7.11 7.66 6.94 7.23 7.23 7.26 0.154 0.31 <0.01 0.17 0.90 0.99 
AAT, kg/d 1.66 1.85 1.78 1.75 1.75 1.71 0.035 <0.01 <0.01 0.51 0.40 0.96 
ME, MJ/d 219 224 231 223 223 222 4.50 0.18 0.98 0.17 0.87 0.97 
             
Milk, kg/d 23.5 24.8 23.0 23.7 23.8 23.8 0.90 0.49 0.02 0.30 0.90 0.85 
ECM, kg/d 24.6 26.6 24.9 25.8 25.8 25.3 0.91 0.18 0.17 0.40 0.97 0.62 
Milk fat, g/kg 43.3 44.8 45.4 46.1 45.5 44.1 1.63 0.70 0.17 0.72 0.71 0.30 
Milk protein, g/kg 37.6 37.3 36.6 36.9 36.9 37.5 0.53 0.07 0.049 0.29 0.44 0.07 
Milk urea, mmol/L 3.01 3.79 3.94 3.90 4.42 3.57 0.154 <0.01 <0.01 0.16 0.80 0.03 
             
FE4, kg/kg 1.35 1.40 1.32 1.34 1.37 1.36 0.046 0.77 0.14 0.60 0.62 0.52 
MNE5, g/kg 306 264 250 255 266 288 8.95 <0.01 0.82 0.42 <0.01 0.09 
             
CH4, g/d 390 383 397 389 403 406 9.6 0.53 0.09 0.45 0.12 0.20 
CH4, g/DMI 21.4 20.4 21.0 20.8 21.6 22.0 0.57 0.71 0.11 0.78 0.10 0.22 
CO2, kg/d 11472 11839 11986 11786 12095 11716 217.0 0.03 0.75 0.40 0.76 0.19 
CH4/CO2 0.034 0.033 0.033 0.033 0.033 0.035 0.0006 0.44 0.19 0.91 0.03 0.62 
1CON = control, RSE = rapeseed expeller, UFB = field bean not heat-treated, TFB = field bean heat-treated, TFB-MP = field bean heat treated same MP as UFB, 2C vs. O = 
CON vs. other diets, R vs. O = RSE vs. other diets excluding CON, 3SEM = standard error of mean, 4FE = feed efficiency (kg ECM) / (kg DMI), 5MNE = milk nitrogen 
efficiency (milk protein yield × 6.38) / (protein intake × 6.25).
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Conclusions 
This study suggests that in organic farming no improvement on lactation performance of 
dairy cows were achieved by the inclusion of heat treated FB or peas as compared to a 
control diet without any protein supplement, provided that RDP requirements are met. Only 
RSE supplementation resulted in an improvement in animal performance compared to the 
control diet. 
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Introduction 
Protein supply for milk production in dairy cattle is affected by a range of variables such as 
passage rate, energy available for microbial growth as well as a sufficient N supply 
(Dewhurst et al., 2000; Younge et al., 2004) and protein quality (Broderick & Merchen, 
1992), and is therefore difficult to estimate. It is of economic and environmental importance 
with a correct protein supply to the dairy cow since amino acids available for absorption in 
the small intestine (AAT) is one of the more expensive parts of a feed ration. Microbial 
protein can represent more than 70% of AAT (Oba & Allen, 2000) and a valid estimation of 
AAT from rumen microbial protein synthesis (RMPS) is therefore important. This paper will 
evaluate the estimation of RMPS in NorFor against independent in vivo data and by 
comparison with other estimation systems. 
Materials and methods 
The evaluation of the RMPS estimation in NorFor was done in two parts: one part compared 
different models for estimating RMPS and in the second part, estimations from NorFor was 
evaluated against in vivo data. In both parts, the NorFor model was used as implemented in 
the Danish Management System for cattle (DMS) (it.dlbr.dk). 
Part 1 
A comparison of NorFor (Volden, 2011) with three other models: CNCPS (cncpc.cornel.edu; 
Fox et al., 2004), the Danish/Nordic AAT/PBV system (Madsen et al., 1995) and a French 
model (Archimede et al., 1997) was done by use of variations of a typical Danish feed ration. 
Standard feedstuffs from the NorFor feed stuff table (FST) was used (norfor.info). In 
CNCPS, the feed rations were applied and feed information from the CNCPS feed database 
were modified with information from NorFor. The Archimede model was used as presented 
by Archimede et al. (1997): 
(a) Microbial N (g/LW0.75) = 0.22 (±0.22) +0.010 (±0.003)*OMI – 0.382 (±0.251)*C 
 where OMI is organic matter intake as g/kg LW0.75,and C is the level of concentrate in the 
ration on DM basis as a fraction between 0 and 1. Both OMI and C were calculated using 
NorFor output. The AAT/PBV model was used as described in the Danish feed stuff table 
(Møller et al., 2005): 
(b) RMPS = 125g of microbial amino acids per kg of fermented carbohydrate in the 
rumen 
where fermentable carbohydrate input for the feedstuffs were taken from the Danish feed 
stuff table (Møller et al., 2005) with the following values: barley 740 g, canola meal 340 g, 
soybean meal 400 g, grass silage 520 g, corn silage 640 g of fermentable carbohydrates per 
kg of DM.  
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In NorFor and CNCPS, information on live weight, expected milk yield and DIM of 620 kg, 
35 kg of ECM and 90 DIM were used. In the Archimede model, a live weight of 620 kg was 
also used. All results from the Archimede model and the AAT/PBV model were adjusted to an 
absorption of amino acids of 0.85 in the small intestine, as used in NorFor (Volden & Larsen, 
2011). The RMPS from CNCPS were reported as % microbial metabolisable protein of total 
metabolisable protein. 
The diets used for testing consisted of a forage part (50% grass silage, 50% corn silage on 
DM basis) and a concentrate part (54% barley, 28% canola meal, 18% soybean meal on DM 
basis (ration 1)) with a feeding level of 21.7 kg DM/day. Several feed rations with increasing 
concentrate proportion from 23 to 65 % of DM were made (23%, 34%, 46%, 53%, and 65%, 
on DM basis).  
To evaluate how the models respond to different types of concentrate, the test was repeated 
where the concentrate part was changed to a high carbohydrate content with 75% barley, 7% 
soybean meal and 18% canola meal (ration 2).  
Table 2 Chemical composition of Ration 1 and 2, calculated with feedstuffs from the NorFor feedstuff table 
(norfor.info) 
 Concentrates of total ration DM (%) 
  23 34 46 53 65 
Ration 1*      
Starch (g/kg DM)  215 236 249 259 276 
Rest carbohydrate*** (g/kg DM) 149 145 141 139 135 
NDF (g/kg DM) 340 321 298 287 256 
Ration 2**      
Starch (g/kg DM)  247 278 313 332 366 
Rest carbohydrate*** (g/kg DM) 141 134 125 121 113 
NDF (g/kg DM) 338 318 294 282 259 
* Forage part: 50% grass silage, 50% corn silage on DM basis, concentrate part: 54% barley, 28% canola meal, 
18% soybean meal on DM basis;   
** Forage part: 50% grass silage, 50% corn silage on DM basis, concentrate part: 75% barley, 7% soybean meal 
and 18% canola meal on DM basis;  
*** Rest carbohydrate = 1000 – Ash – CP – Fat – NDF – Starch – Fermentation products. 
The effect of DMI, ranging from 14 to 29 kg, was tested in the four models with a ration 
containing 32% grass silage, 32% corn silage, 19% barley, 10% canola meal, 6% soybean.  
Part 2 
Data from four in vivo studies, where RMPS was measured with omasal or duodenal 
sampling techniques, were collected. All studies contained at least four treatments, with 
variation in measured RMPS.  Data regarding feed and chemical composition in each 
treatment was entered in NorFor. The estimation of RMPS was then compared with the 
RMPS measured in vivo. Data reported as microbial non ammonia nitrogen were multiplied 
by 6.25 to get microbial protein and adjusted for absorption in the small intestine with a 
coefficient of 0.85 (Volden & Larsen, 2011) and then presented as daily microbial amino 
acids absorbed in the small intestine (DMAAS). 
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Table 3 Overview of studies used for testing in NorFor  
Study Number of cows 
Primary 
feedstuffs 
Measuring 
technique  Treatments Breed 
Average 
DIM* 
Average 
weight 
(kg) 
Daily 
DMI 
(kg) 
Younge et 
al. (2004) 4 
Fresh grass 
or grass 
silage 
Total 
purines 
Fresh grass 
with/without 
concentrate, Holstein/ 
Friesian 
74 N/A** 18.2 
Wilted/unwilted 
silage with 
concentrate 
Ahvenjarvi 
et al. 
(2002) 
4 
Grass silage 
15N 
Silage 
with/without 
barley or canola 
Finnish 
Ayrshire 167 571 16.4 Barley 
Canola meal 
Ahvenjarvi 
et al. 
(2006) 
4 Grass/Barley Silage 
Total 
purines 
Grass vs. barley 
silage with 
concentrate 
Finnish 
Ayrshire 57 606 21.0 
Johansen 
(unpubl.) 4 Grass silage 
Total 
purines 
Silage varying 
from 28,3% 
DM to 72,5% 
DM 
Danish 
Holstein 216 550 12.5 
*DIM: Days in milk, **N/A: Not available 
 
Results and Discussion 
Part 1 
Comparison of the four methods for estimation of DMAAS was done for 15 different feed 
rations. The results show that the AAT-PPV model does not react to a change in concentrate 
level (Figure 1). The Archimede model reacted with a small increase in DMAAS. Both 
NorFor and CNCPS are stabile with a small reduction when the concentrate level exceeds 
50%.  
When the concentrate part was increased in carbohydrate content and decreased in protein 
content (Figure 2), the Archimede model did not respond, whereas the AAT/PBV model 
showed a small increase in DMAAS. CNCPS kept a steady level at 1400 g/day until 55% 
concentrate and then dropped to 1100 g/day. NorFor showed the same drop, but in a more 
linear way than CNCPS. This illustrates that the Arhcimede model does not take into account 
what kind of concentrate that is used in the ration, as the results are similar when using a 
protein and carbohydrate rich rations, whereas the other models are responsive. An 
explanation for the decrease in DMAAS in NorFor can be the implementation of a variable 
RMPS efficiency (g microbial protein/kg rumen degraded organic matter). When the sum of 
starch and ‘rest carbohydrate’ concentration in the ration is outside the 18-32% range, the 
RMPS efficiency decreases (Volden, 2011). This factor is not used in any of the other 
models. 
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Figure 1 Estimation of microbial protein absorbed in the small intestine with varying concentrate levels where 
the forage consisted of 50% grass silage and 50% corn silage, and the concentrate consisted of 54% barley, 28% 
canola meal and 18% soybean meal on DM basis. 
 
Figure 2 Estimation of microbial protein absorbed in the small intestine with varying concentrate levels where 
the forage consisted of 50% grass silage and 50% corn silage, and the concentrate consisted of 75% barley, 18% 
canola meal and 7% soybean meal on DM basis. 
When using the same feed composition and changing DMI, impact on the DMAAS 
estimation varies. An increase in DMI caused a linear increase in DMAAS in all the models 
(Figure 3). NorFor reacted with the highest increase in DMAAS when increasing DMI, while 
the Archimede model showed the lowest increase. At typical DMI for Danish Holstein herds 
(22-25kg DM), the 4 models tended to agree more in their RMPS estimations than at low and 
high DM- intakes.  
Part 2 
The comparison of NorFor with in vivo studies showed a high correlation (r=0.93) between 
estimation in NorFor and measured DMAAS (Figure 4). Norfor showed an overestimation 
with data from Johansen (unpubl.) where the grass silage was the only feed stuff and the daily 
DMI was relatively low. DMAAS was better estimated for Ahvenjärvi et al. (2002) and 
750
950
1150
1350
1550
1750
1950
20 30 40 50 60 70
M
ic
ro
bi
al
 a
m
in
o 
ac
id
s a
bs
or
be
d 
in
 th
e 
sm
al
l i
nt
es
tin
e 
(g
/d
)  
Concentrate of total ration DM (%) 
NorFor CNCPS Archimede AAT/PBV
750
950
1150
1350
1550
1750
1950
20 25 30 35 40 45 50 55 60 65 70
M
ic
ro
bi
al
 a
m
in
o 
ac
id
s a
bs
or
be
d 
in
 th
e 
sm
al
l i
nt
es
tin
e 
(g
/d
)  
Concentrate of total ration DM (%) 
Norfor CNCPS Arcimede AAT/PBV
Proceedings of the 6th Nordic Feed Science Conference                                                      119 
 
Ruminant nutrition 
 
Ahvenjärvi et al. (2006) where the feed ration also included concentrates and daily DMI was 
higher. Estimation of DMAAS for Younge et al. (2004) did not correlate as well with 
measured values as for the two other studies. When using NorFor in DMS, it is not possible 
to change animal body weights from the standard 620 kg in the input. This affects ruminal 
passage rate calculated in NorFor and, therefore, true rumen degraded organic matter 
(Volden, 2011). The evaluation was to some extent limited by the data available for the 
individual feedstuffs in the studies, such as organic matter digestibility, starch and NDF 
contents. 
 
 
Figure 3 Estimation of microbial protein absorbed in the small intestine with varying DMI levels of the same 
ration (32% grass silage, 32% corn silage, 19% barley, 10% canola meal, 6% soybean meal).  
 
Figure 4 Comparison of microbial protein absorbed in the small intestine estimated in NorFor and measured in 
vivo.  
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Conclusion 
The evaluations showed that NorFor has a more complex estimation of RMPS than the 
Archimede and the AAT/PBV models and is more responsive to changes in the concentrate 
composition as well as to DMI. NorFor agrees well with CNCPS when changing the 
concentrate to forage ratio using half protein and half carbohydrate concentrates, as well for a 
carbohydrate rich concentrate. The Archimede model had higher estimates of DMAAS for 
most of the diets and the AAT/PBV model disagreed with NorFor when the carbohydrate rich 
concentrate level in the feed was increased above 50%. With a concentrate level of 40% of 
DM and a daily DMI of 20 kg, the NorFor, CNCPS and the ATT/PBV, all models gave 
similar estimates of RMPS. Comparing NorFor estimations of RMPS with in vivo studies 
was successful in detecting changes in RMPS in the different feed rations examined (r=0.93). 
(Ahvenjarvi et al., 2002;  
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Introduction 
Since the growing cattle model was introduced in the Nordic Feed Evaluation System, 
NorFor, new experiments have been performed and thereby these data can be used for 
improving the system. The feed intake model is based on individual fill values per feedstuff 
and an intake capacity per animal and correction factors according to concentrate share. 
When predicting feed intake the intake capacity and the total dietary fill value should be 
equal. The main objective was to evaluate the feed intake model on growing bulls in NorFor 
(Volden et al., 2011) with new Swedish experimental data.  
Materials and Methods 
Data on feed intake, live weight (LW) and live weight gain (LWG) were collected from six 
experiments conducted at Götala Beef and Lamb Research Centre, SLU, Skara, Sweden and 
from two field studies at Vinö Säteri, Sweden. Five experiments were performed on young 
bulls of dairy breeds (100 to 268 kg LW) (Johansson et al., 2011; 2013; 2015). One 
experiment, which was replicated over two years, was performed on finishing/growing bulls 
of dairy breeds (350 kg to 650 kg LW) (Nadeau et al., 2013; Zaralis et al., 2014). The field 
studies were performed on finishing bulls of beef breeds (300 to 600 kg LW) (Stenberg, 
2013; Stenberg, 2014). 
The bulls in the experiments were fed TMR ad libitum and the bulls in the field studies were 
fed silage ad libitum and concentrate restrictively from concentrate feeders. The feedstuffs 
were analysed for chemical composition according to the recommendations of NorFor 
(Åkerlind et al., 2011). All animals were housed in loose housing systems. Each study was 
divided into three or four periods of four to twelve weeks each. Table 1 shows that LW and 
LWG of the newly collected data ranged from 100 to 620 kg and from 400 to 2200 g per day, 
respectively. Data on previous Scandinavian experiments (Table 2), some of which were used 
for creating the previous feed intake model in NorFor, had LW that ranged from 113 to 568 
kg and LWG from 538 to 1567 g per day. 
The feed intake model for growing bulls in the NorFor System (Volden et al., 2011) was 
evaluated by data from the studies described above. The equation numbers presented 
hereafter are equal to the numbering presented by Volden (2011) and Volden et al. (2011). 
Observed feed intakes in the studies were transformed to intake of fill value (FV_intake; 
equation 10.6), based on dry matter intake (DMI) and fill value (FV) of each feedstuff. The 
FV of each individual feedstuff was calculated from in vivo organic matter digestibility 
(OMD), and concentrations of NDF, ammonia nitrogen (NH3-N) and fermentation acids 
(lactic, acetic, propionic, and butyric acids) (equations 6.10 and 6.11; Volden, 2011). The 
FV_intake was calculated from the equation 10.6 according to Volden et al. (2011), which is 
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corrected for the proportion of concentrate (FV_SubR, equation 10.14) and the roughage 
metabolic regulation factor ((FV_MR, equation 10.15). 
Table 1 Means and minimum and maximum values within parenthesis of live weight (LW), live weight gain 
(LWG), dry-matter intake (DMI) and dietary concentrate proportion from new Swedish experiments with bulls 
 
Young bulls of 
dairy breeds 
Finishing bulls of dairy 
breeds 
Finishing bulls of beef 
breeds 
Breed codes1 HO, SR HO, SR CH, LI, SI 
LW, kg 177 (100-268) 542 (450-620) 455 (291-600) 
LWG, g/day  1248 (400-1712) 1417 (635-1886) 1942 (1730-2227) 
DMI, kg/d 4.9 (2.8-7.7) 11.4 (9.9-12.7) 10.7 (8.3-12.9) 
Concentrate, % of DMI 50 (12-68) 39 (36-42) 36 (31-46) 
No of observations 55 32 27 
Feeding strategy TMR TMR Separate 
References 
 
Johansson et al., 
2011; 2013; 2015 
Nadeau et al., 2013; 
Zaralis et al., 2014 
Stenberg, 2013; 2014 
 
1Breed codes: CH= Charolais; HO= Holstein; LI= Limousin; SI=Simmenthal; SR= Swedish Red 
Table 2 Means and minimum and maximum values within parenthesis of live weight (LW), live weight gain 
(LWG), dry-matter intake (DMI) and dietary concentrate proportion from experiments with bulls presented by 
Volden et al. (2011) 
 
Danish Norwegian Swedish 
Breed1 HO NR CRS, SR  
LW, kg 268 (217-342) 382 (178-568) 236 (113-473) 
LWG, g/day  1250 (1047-1481) 1107 (538-1567) 1134 (700-1420) 
DMI, kg/d 5.9 (4.6-7.0) 7.3 (3.5 -9.9) 5.1 (2.6-8.4) 
Concentrate, % of DMI 60 (22-95) 33 (14-37) 85 (24-96) 
No of observations2 23 90 79 
Feeding strategy TMR Separate Separate 
References  
 
 
 
 
Damgaard & Hansen, 1992; 
Andersen et al., 1993a; 
Andersen et al., 1993b; 
Jørgensen et al., 2007; 
Kirkland et al., 2006 
Berg, 2004; 
Berg & Volden, 2004; 
Selmer-Olsen, 1994; 
Matre, 1984 
 
Martinsson, 1990; 
Olsson, 1987; 
Olsson, unpubl. 
 
 
1Breed codes: CRS=crossbreds between dairy and beef breeds; HO= Holstein; NR=Norwegian Red; SR= 
Swedish Red. 2 No of experiments (exp) and treatments (trt) 5 exp 23 trtm DK; 10 exp 90 trt NO; 8 exp 79 trt 
SE. 
The FV_intake of the consumed diets were compared to the NorFor predicted intake capacity 
(IC) of the animals. The IC of the bulls was calculated from their LW and LWG according to 
equation 10.9 by Volden et al. (2011). The difference between the IC and the FV intake 
(residuals) were tested against different parameters, i.e. the animal parameters LW and LWG 
and the feed parameters; the proportion of concentrate and dietary concentration of NDF, 
starch, crude protein, fatty acids and net energy.  
The equation of the IC was further developed by the SOLVER function in Microsoft Excel 
2010. The coefficients in the equation of IC, 10.9, were chosen by Excel as to minimize the 
sum of the squared differences between the observed FV_intake and the predicted IC. The 
accuracy and precision (R2, mean square prediction error (MSPE)) of the equations of 
predicted IC were calculated according to Bibby & Toutenberg (1977). 
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6.10  
 
 
6.11 
 
where FVi and FVj are the fill values of i’th concentrate and j’th roughage respectively, PL is 
the particle length in mm, OMD is the in vivo organic matter digestibility in %, NDF is the 
neutral detergent fibre in g per kg DM, TAF is the total acids in feed in g per kg DM and 
NH3-N is the ammonia nitrogen in g per kg total nitrogen. In equation 6.11 for grass and 
legume silages, values of TAF less than 80 should be set to 80, and values of NH3-N less than 
50 should be set to 50. 
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where FV_intake is the total feed intake expressed as fill units. DMI_ci is the intake of the 
i’th concentrate in kg DM per day, FVi is the fill value of i’th concentrate, DMI_rj is the 
intake of the j’th roughage in kg DM per day, FVj is the fill value (calculated as equation 6.10 
or 6.11) for the j’th roughage, FV_SubR is the roughage substitution correction factor, 
conc_share is the proportion of concentrate in the diet in % of DM , FV_MR is the roughage 
metabolic regulation factor, FV_r is the diet roughage fill value (calculated as equation 6.10) 
and LW is the live weight in kg.  
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where IC is the intake capacity, LW is the live weight in kg, LWG is the live weight gain in g 
per day and exercise is 1 for tied up and 1.05 for loose housed bulls.  
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Results and Discussion 
Recent data from Sweden on feed intake by bulls (Table 1) showed that the predicted feed 
intake model by NorFor could be improved. Previous data collected from Scandinavian 
experiments on bulls (Table 2) fitted quite well to the NorFor predictions (Volden et al., 
2011). The new data was unique in that LW had a wider range and the LWGs of the bulls 
were higher than in previous experiments.  
The residuals (difference between IC and FV_intake) showed a trend of deviation with LW 
and LWG. The IC was overestimated for bulls with higher LW and with higher LWG 
(Figure 1). The dietary parameters tested had no effect on the residuals, as the slope and R2 
was close to zero (data not shown). Therefore, we concluded that the IC equation should be 
changed and not the equation for FV_intake, as the IC equation contains LW and LWG.  
 
Figure 1 Residuals, the difference between observed FV intake and predicted intake capacity (IC) plotted 
against observed live weight (LW) and live weight gain (LWG). The filled circles of dark grey, light grey and 
white represent older experimental data from Norway (NO), Sweden (SE) and Denmark (DK) respectively, and 
the small black circles shows the results from new research from Sweden (input data shown in tables 1 and 2). 
A new equation for intake capacity, as shown in Material and Methods, was established 
replacing equation 10.9. 
( ) exercizeLWGLWIC ⋅⋅+⋅= 0006873.0005886.0     new 10.9 
where IC is the intake capacity, LW is the live weight in kg, LWG is the live weight gain in g 
per day and exercise is 1 for tied up and 1.05 for loose housed bulls. 
The new equation 10.9 was introduced in a new version of the feed ration calculator (FRC) in 
the NorFor system the 26th of January, 2015 and since then it has been used by advisors and 
farmers in Denmark, Iceland, Norway and Sweden.  
The accuracy and precision of the new equation for predicting the IC of bulls were improved 
compared to the previous equation (Figure 2; Table 3). The root mean square prediction error 
(RMSPE) value in Table 3 of 0.36 for the previous and 0.27 FV for the new equation can be 
translated to 0.8 and 0.6 kg DM, respectively, by dividing RMSPE value with the average FV 
of the diets which was 0.45 FV per kg DM. Hence, the RMSPE decreased by approx. 0.2 kg 
y = -0.0002x + 0.04 
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DM. The coefficient of determination (R2) did not increase with the new equation and there 
are possibilities to improve the predicted feed intake further.  
 
Figure 2 The intake capacity (IC) of bulls plotted to the total fill value of the ingested diets (FV intake). The 
black line shows when the x-axis is equal to the y axis (x=y) i.e. intercept is 0 and slope is 1. The filled circles 
of dark grey, light grey and white represent older experimental data from Norway (NO), Sweden (SE) and 
Denmark (DK) respectively, and the small black circles shows the results from new research from Sweden 
(input data shown in Tables 1 and 2). FRC version 1.79 and FRC version 1.81 are the equation sets in the feed 
ration calculator used in the NorFor system by advisors and farmers before and after 26th of January 2015, 
respectively. Intercept, slope and R2 are presented in Table 3. 
Table 3 Accuracy and precision of the ability to predict feed intake by the feed ration calculator (FRC) of the 
NorFor system for growing bulls before 26th of January 2015 (FRC version 1.79) and after (FRC version 1.81) 
using all experiments (Bibby & Toutenberg, 1977)  
 
FRC version 1.79 FRC version 1.81 
No. of observations 296 296 
Observed FV intake, FV 2.8 2.8 
Predicted IC, FV 3.0 2.8 
Regression    
     Intercept 0.18 -0.0071 
     Slope 0.88 1.00 
     R2 0.93 0.93 
RMSPE1, FV 0.36 0.27 
Prediction error1, % 12.7 9.6 
MSPE 0.13 0.075 
Proportion of MSPE   
     Error of central tendency 0.29 0.00 
     Error of regression 0.15 0.00 
     Error of disturbance 0.56 1.00 
1 RMSPE divided by observed FV intake 
The consequence of the new IC equation when optimizing rations for bulls by the NorFor 
system is that heavier and/or faster growing bulls have a somewhat lower IC compared to the 
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previous equation. The lower IC requires more energy dense diets, containing high-energy 
roughage and/or a higher concentrate proportions (Table 4).  
Table 4 Optimised diets to growing bulls at different live weight (LW) and live weight gain (LWG) calculated 
with the original intake capacity (FRC version 1.79; Volden et al., 2011) and the revised one (FRC version 
1.81). The LWGs corresponds to a carcass weight of 300 kg at 16 months of age  
 
FRC version 1.79 FRC version 1.81 
LW, LWG 
Kg, g/day 
Forage1 
kg DM 
Concentrate2  
kg DM 
Forage 1 
kg DM 
Concentrate2  
kg DM 
100,  900 1.2 1.8 2.2 1.0 
200, 1200 3.8 1.6 3.4 1.9 
300, 1300 5.6 1.5 4.5 2.5 
400, 1350 7.3 1.5 5.7 2.9 
500, 1300 9.1 1.0 7.2 2.5 
600, 1300 10.9 0.1 8.9 1.7 
1Forage was average grass silage in Sweden (Växa Sverige): 73.5 % OMD, 149 g CP/kg DM and 483 g NDF/kg 
DM. 2Concentrate consisted of ca 50% barley and 50% protein concentrate to bulls of 100 kg LW; 80% barley 
and 20% protein concentrate for bulls of 200 kg LW, and 100% barley for heavier bulls. 
Conclusions 
Our data from the recent experiments on growing/finishing bulls formed a good base for 
evaluating the NorFor system as it provided wider ranges of LW and LWG compared to 
earlier studies, where only one observation per treatment was available for a rather long 
measurement period. A new prediction model for IC in the NorFor system was established 
with improved precision and accuracy. The new IC is lower than the previous one, resulting 
in more energy dense diets. New data will continuously be added to the model. 
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Introduction 
Influences of yeast culture supplementation on numerous growth and production traits have 
been studied in most ruminant age classes (e.g. Chaucheyras-Durand et al., 2008; Magalhães 
et al., 2008; Pinos-Rodríguez et al., 2008; Lascano & Heinrichs, 2009). However, results are 
somewhat inconsistent throughout the literature, partially because of confounding effects of 
ration composition, level of yeast culture inclusion, and source of yeast culture product 
tested. In addition, only a few studies have utilized pre-ruminant dairy calves. Therefore, the 
present experiment was designed to study the effects of supplemental yeast (Saccharomyces 
cerevisiae) culture on feed intake, growth performance and health of dairy calves. 
Materials and Methods  
The present experiment included two batches of 20 Nordic Red bull calves each. The first 
batch started in April and the second in November 2013 in the experimental barn of Natural 
Resources Institute Finland in Ruukki. All calves were purchased from local dairy farms. The 
calves were housed in an insulated barn in four pens (3.0 × 3.5 m; 5 calves in each), 
providing 2.1 m2/calf. The floor of the pen was 1/3 metal slats and 2/3 rubber mats. The 
ambient temperature of the insulated barn varied between 11 and 20°C in the winter 
(October–April) and between 15 and 23°C in the summer (May–September). In the beginning 
of the experiment, the calves in both batches were randomly allotted to pens (5 calves/pen) 
which were then randomly allotted to two feeding treatments. These two feeding treatments 
consisted of a concentrate containing 0% (control = C) or 0.1% (yeast = Y) supplemental 
yeast culture (Actisaf, Saccharomyces cerevisiae Sc 47, contains 1.0 × 1010 CFU/g S. 
cerevisiae) as a percentage of concentrate dry matter (DM). Both feeding treatments included 
20 bull calves. In the beginning of the experiment, average live weight (LW) of the calves 
was 56 ± 3.0 kg (mean ± SD) and overall age 20 ± 2.5 days. During the whole experimental 
period (20 to 195 days of age), the calves had free access to water from an open water bowl 
(1 bowl/pen). 
During the pre-weaning period (age 20 to 75 days), the calves received a milk replacer (MR) 
(at a dilution of 11.9% DM). The MR included (g/kg DM) skim milk powder (300), whey 
powder (283), vegetable oil (190), whey fractions (100), hydrolysed wheat protein (65), 
wheat starch (50) and vitamin-mineral premix (12). In both treatments, the MR was served by 
a computer controlled feeder (two pens/feeder; Stand Alone 2 Plus, Förster, Engen, Germany; 
programme: Kalbmanager 4.2). The feeding temperature of the MR was 37ºC. The calves 
were allocated to treatments at 20 days of age, and from days 20 to 62 the highest possible 
MR allowance of the calves was 7.0 L/d. All calves were weaned gradually from days 62 to 
75 with the MR allowance being cut by reducing the number of MR portions per day. During 
the pre-weaning period, the calves had free access to concentrate and grass silage. 
During the post-weaning period (age 75 to 195 days) the calves were fed grass silage ad 
libitum, but the amount of concentrate was restricted to 3 kg (air dry)/calf/d. The commercial 
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pelleted concentrate used during both pre- and post-weaning periods was supplied by A-Rehu 
Ltd (P.O. Box 908, FI-60061 Atria, Finland). The concentrate in the treatment C comprised 
(g/kg DM) barley (333), rapeseed meal (174), wheat (80), barley fibre (72), molassed sugar-
beet pulp (70), soybean meal (50), oats (50), molasses (50), rapeseed cake (42), distilled 
solubles (40), CaCo3 (20), vegetable oil mix (8), and vitamin, mineral and trace element 
premix (11). In the treatment Y the concentrate was otherwise the same, but comprised barley 
(332) and supplemental yeast culture (1) (Saccharomyces cerevisiae Sc 47). This dose of 
yeast culture was established according to Lascano & Heinrichs (2009). The grass silage used 
in the experiment was harvested from first-year stands grown in Ruukki, Finland (64°44′N, 
25°15′E). The silage was prepared from primary growth of timothy (Phleum pratense) stand 
and harvested at early stages of maturity. The silage was cut using a mower conditioner, 
wilted for 5 h, harvested using a precision-chop forage harvester, ensiled in a bunker silo and 
treated with a formic acid-based additive applied at a rate of 5 L/tonne of fresh forage. 
The silage and concentrates were offered separately from a box feeder with proportional 
refusals at 5% in ad libitum feeding, and the calves were fed three times per day (at 08:00, 
12:00 and 18:00 h). The refused feed was collected and measured daily at 07:00 h. Daily 
solid feed intake was weighed penwise (i.e. average for five calves). Silage samples for 
chemical analyses were taken twice a week and pooled over periods of four weeks. Samples 
were analysed for DM, ash, crude protein (CP), ether extracts, starch and fermentation quality 
(pH, water soluble carbohydrates, lactic and formic acids, volatile fatty acids, soluble and 
ammonia-N content of N) as described by Pesonen et al. (2013). Concentrate and MR sub-
samples were collected weekly, pooled over periods of 12 weeks and analysed for DM, ash, 
CP, ether extracts and starch. The metabolisable energy (ME) values were calculated 
according to the Finnish Feed tables (MTT, 2014). The calves were weighed on two 
consecutive days at the beginning of the experiment and thereafter every 14 days. The live 
weight gain (LWG) was calculated as the difference between the means of initial and final 
LW. Health parameters such as faecal consistency (normal or diarrhoea), bloat, movements, 
cough, inflammations, e.g., pneumonia, swollen joints and hair loss, were monitored daily.  
The results were calculated across the two batches and are shown as least squares means. Pen 
(a group of five calves) was used as an experimental unit and thus, mean values for each pen 
were calculated. There were 4 pens/treatment (20 calves for both treatments). The average 
group feed intake and growth data were subjected to analysis of variance using the SAS 
MIXED procedure (version 9.3, SAS Institute Inc., Cary, NC). The statistical model used was 
yjkl = μ + βk + αj + (β × α)jk + ejkl, where μ is the overall mean, ejkl is the random error term 
and yjkl is the mean of five animals penned together (4 pens/treatment; l=1,…,4). α, β and β × 
α are the fixed effects of treatment, batch and their interaction, respectively. 
Results and Discussion 
Chemical composition and feeding values of the experimental feeds are presented in Table 1. 
The commercial starter concentrate contained ME 12.4 MJ/kg DM and CP 198 g/kg DM, on 
average. The grass silage used was of good nutritional quality as indicated by the ME value 
as well as the CP content. The fermentation quality of the grass silage was good, as indicated 
by low pH values and low contents of ammonia N and fatty acids. The silage used was 
restrictedly fermented with a high residual water soluble carbohydrate concentration and a 
low lactic acid concentration. MR used in the present experiment had a typical chemical 
composition and feed values (Table 1). 
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Table 1 Chemical composition and feeding values of the experimental feeds 
 
Grass silage Milk replacer C Y 
Dry matter (DM), g/kg feed 287 943 856 865 
Organic matter (OM), g/kg DM 932 910 920 922 
Crude protein, g/kg DM 138 216 203 193 
Ether extracts, g/kg DM 39 114 38 40 
Starch, g/kg DM 5 100 313 295 
Metabolisable energy, MJ/kg DM 10.6 17.4 12.4 12.4 
C (control) = a concentrate containing 0% supplemental yeast culture, Y (yeast) = a concentrate containing 0.1% 
supplemental yeast culture (Actisaf, Saccharomyces cerevisiae Sc 47) as a percentage of starter dry matter, 
Fermentation quality of the grass silage: pH 3.96; volatile fatty acids 11 g/kg DM; lactic + formic acid 41 g/kg 
DM; water-soluble carbohydrates 56 g/kg DM; ammonia-N 39 g/kg total N; soluble N 423 g/kg total N 
There were no treatment differences in feed intake of the calves during the pre-weaning and 
post-weaning periods or average during the experiment (Table 2). Since there were no 
differences in feed intake or diet chemical compositions and feeding values, also energy and 
nutrient intakes were at the same level for both treatments. Compared to the recent Finnish 
experimental data sets for dairy bull calves fed diets based on MR, grass silage, and 
concentrates in similar housing environments (Huuskonen et al., 2005; 2011), average DM 
intake of the calves during the pre-weaning and post-weaning periods was approximately 
20% higher in the present experiment (1.67 kg and 5.23 DM/d, for pre- and post-weaning 
periods, respectively) than in those recent feeding trials (1.36 kg and 4.27 DM/d). The high 
feed intake measured in the present study probably implies a good palatability of the starter 
concentrate used and a good health of the calves in the present experiment. 
The average LW of the calves was 101 and 247 kg at the end of the pre-weaning period and 
at age of 195 days, respectively. There were no treatment differences in the average LW, 
LWG or feed conversion rates of the calves (Table 3). Average LWG of the calves during the 
pre-weaning and post-weaning periods and during the entire experiment were 792, 1301, and 
1132 g/d, respectively, values which are slightly higher compared to results by Huuskonen et 
al. (2005; 2011), with dairy bull calves fed diets based on MR, grass silage, and concentrates 
in similar housing environments (724, 1258, and 1080 g/d). The use of different starters did 
not affect health parameters of the calves in the present study (data not shown). 
According to the literature, supplemental yeast products have been shown to improve 
performance of dairy ruminants, the most consistent effects being an increase in intake and 
milk production (El-Ghani, 2004; Jouany, 2006; Stella et al., 2007). Also in beef cattle or 
young ruminants, growth, intake and feed conversion have been reported to improve by 
yeasts supplementation (Lesmeister et al., 2004; Galvao et al., 2005). In neonatal dairy 
calves, Lesmeister et al. (2004) reported that inclusion of yeast culture (Saccharomyces 
cerevisiae) increased starter and total DM intake, average daily gain, and daily hip width 
change compared with a control treatment. However, results in dairy calves are inconsistent 
throughout the literature and, for example, Quigley et al. (1992) observed a significant 
decrease in DM intake with supplemental yeast culture. In addition, others have found 
decreased DM intake when brewer’s yeast (Seymour et al., 1995) or live yeast (Wagner et 
al., 1990) were added to calf diets. Williams et al. (1991) indicated that yeast culture 
beneficially alters conditions detrimental to cellulolysis, by possibly influencing intake. 
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According to Chaucheyras-Durand et al. (2008), yeast responses vary depending on the strain 
of yeast used, the nature of the diet, and the physiological status of the animal. Chaucheyras-
Durand et al. (2008) concluded that use of supplemental yeast culture appears particularly 
relevant when the digestive microbiota is challenged, for example, during feed transitions at 
weaning, allowed to graze, supplied with high-concentrate diets, or during periods of stress 
from high temperatures or during transportation. 
Table 2 Daily feed and nutrient intakes of dairy calves fed diets with a concentrate containing either 0% 
(control = C) or 0.1% (yeast = Y) supplemental yeast culture (Actisaf, Saccharomyces cerevisiae Sc 47) as a 
percentage of starter dry matter (DM) 
 Diets SEM P-
value 
 C Y   
Pre-weaning (between 20 to 75 days of age) 
  Milk replacer, kg DM/d 0.71 0.72 0.010 0.41 
  Concentrate, kg DM/d 0.69 0.67 0.065 0.76 
  Forage, kg DM/d 0.30 0.25 0.019 0.17 
  Total, kg DM/d 1.70 1.64 0.087 0.64 
  Metabolizable energy, MJ/d 24.1 23.5 1.08 0.71 
  Crude protein, g/d 334 318 16.5 0.52 
  Fat, g/d 121 120 3.8 0.99 
Post-weaning (between 75 to 195 days of age) 
  Concentrate, kg DM/d 2.48 2.46 0.030 0.71 
  Forage, kg DM/d 2.80 2.73 0.103 0.66 
  Total, kg DM/d 5.27 5.19 0.125 0.65 
  Metabolizable energy, MJ/d 60.4 59.4 1.36 0.65 
  Crude protein, g/d 890 852 18.7 0.23 
  Fat, g/d 204 206 4.8 0.83 
Average during the experiment     
  Milk replacer, kg DM/d 0.24 0.24 0.003 0.41 
  Concentrate, kg DM/d 1.88 1.86 0.041 0.73 
  Forage, kg DM/d 1.97 1.91 0.074 0.60 
  Total, kg DM/d 4.09 4.01 0.107 0.64 
  Metabolizable energy, MJ/d 48.3 47.5 1.20 0.65 
  Crude protein, g/d 705 674 17.0 0.27 
  Fat, g/d 177 178 0.004 0.87 
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Table 3 Live weights, live weight gains and feed conversion rates of dairy calves fed diets with a concentrate 
containing either 0% (control = C) or 0.1% (yeast = Y) supplemental yeast culture (Actisaf, Saccharomyces 
cerevisiae Sc 47) as a percentage of starter dry matter (DM) 
 Feedings SEM P-value 
 C Y   
Live weight, kg  
  Initial, at age of 20 days 57 55 3.3 0.71 
  At the end of pre-weaning 103 98 5.4 0.51 
  Final, at age of 195 days 249 244 8.5 0.71 
Live weight gain, g/d     
  Pre-weaning (between 20 to 75 days of age) 824 760 52.2 0.43 
  Post-weaning (between 75 to 195 days of age) 1298 1304 35.6 0.92 
  Average during the experiment 1141 1123 37.1 0.75 
Feed conversion rates (kg DM / kg live weight gain) 
  Pre-weaning  2.17 2.21 0.039 0.51 
  Post-weaning 4.08 4.02 0.121 0.75 
  Average 3.60 3.60 0.091 0.99 
MJ / kg live weight gain     
  Pre-weaning  30.7 31.6 0.78 0.49 
  Post-weaning 46.7 46.0 1.34 0.75 
  Average 42.6 42.6 1.04 0.98 
 
Conclusions 
No treatment differences were observed in DM or energy intakes, live weight gain, feed 
conversion rate or health of the calves. Thus, no evidence existed that Saccharomyces 
cerevisiae inclusion can enhance calf performance under the conditions of the present study. 
All calves in the present experiment were healthy and different results may be observed in 
calves facing greater disease challenge. 
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